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The challenges prompted by miniaturization of chromatographic systems have led
scientists to explore new avenues in the synthesis of stationary phases. Packed capillary
columns have found limited application in routine analysis due to a number of technical
difficulties, most of which are attributable to the frits. New column designs insure the use
of stationary phases with high surface area in columns that do not require fits. This
dissertation describes novel designs of fritless capillary columns prepared for capillary
electrochromatography (CEC) and micro liquid chromatography (micro LC).
Designed especially for CEC, the first class of monolithic colunm presented here
comprisestheentrappedcolumns.Thesearemade by trappingparticlesof
chromatographic packing material in a fine network of a silicate or organic based
polymer. Due to the simple composition of the entrapment matrix, straightforward
manufacturing procedure and modest equipment requirement, the method can readily be
transferred to any laboratory and easily automated. Elimination of frits, stabilization of
the packed bed and on-the-fly customization of column length render mechanically
Redacted for Privacyrobust columns that are remarkably stable over time, from which manufacturing
imperfections can be easily removed.
As the water glass entrapment matrix initially studied was replaced by so! gel
derived polymers or organic based polymers, the entrapment procedure was gradually
improved, demonstrating minimal influence on the structure and chromatographic
properties of the original reverse phase sorbent. High efficiency separations were
obtained in both CEC and micro LC formats. This immobilization method was also used
to prepare chiral CEC columns by entrapping a molecular imprinted polymeric (MIP)
packing having minimal surface charge density, thus being unable to support
electroosmotic flow (EOF) without the entrapment matrix.
A new type of monolithic stationary phase in which silica beads dictate the
porosity of the polymer was also developed. The interstitial space of a chromatographic
bed made of silica beads was filled with a mixture of monomers and crosslinker and
polymerization was thermally initiated. Subsequent washing of the polymeric rod with an
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1. INTRODUCTION
This dissertation is organized as follows. Chapter 1, the introductory chapter,
presents a short description of the separation techniques employed in this study and an
overview of the historical milestones in their development. Theoretical and practical
aspects of the techniques are discussed, with a focus on the advantages and challenges
brought about by miniaturization and the use of electroosmotic flow (EOF). A review
of advances in micro colunm technology prepares the ground for the core of the thesis,
namely synthesis and characterization of novel monolithic capillary columns.
The challenges prompted by miniaturization of chromatographic systems have
led scientists to explore new avenues in the synthesis of stationary phases. At the time
this research effort started, most capillary electrochromatography (CEC) columns
were prepared by packing sorbent material in fused silica; the bed was held in place by
porous fits attached to the walls of the capillaries. Packed colunm CEC and micro
liquid chromatography (micro LC) have found limited application in routine analysis
due to difficulties such as non-specific sorptive interactions, increased backpressure in
micro LC, gas bubble formation in CEC, column-to-column irreproducibility, and
increased fragility of capillaries, all of which are attributable (at least in part) to the
frits. New column designs explore avenues to confine the stationary phase in a fritless
colunm. This entails preparation of continuous rods of sorbent, also known as2
monoliths. Currently, there are two major directions in the synthesis of monolithic
columns. One approach considers immobilizing conventional packing material within
the confines of the silica walls by using a fine matrix evenly distributed over the entire
length of the column. The second approach employs monolithic materials prepared by
in situ polymerization of a mixture containing monomers and porogens; these porous
structures are endowed with a large variety of surface chemistries, which makes them
an attractive alternative to packed capillary column.
The research effort presented in this thesis situates our group among the
pioneers in the field. Specifically, we synthesized the first immobilized packed beds
and have obtained the best chromatographic performance with entrapped columns
prepared to date. The second chapter of the thesis presents the water glass-entrapped
columns (Figure 1.1). Commercially available packing material is confined within the
walls of the fused silica capillary and subsequently entrapped by the silicate matrix.
I
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Figure 1.1. Schematic representation of the entrapment procedure.Once entrapped the capillary no longer requires fits and column length can be
customized to specific applications. Entrapment renders a homogeneous and more
stable packed bed.
EOF is supported by the presence of ionizable groups. For example, silica-
based sorbents have intrinsic silanol groups that are ionized under common CEC
working conditions, and EOF is thereby generated. Most polymeric packings, such as
organic polymer-derived reverse phase or molecular imprint polymer (MIP) sorbents,
do not have ionizable groups and therefore can be used only in the micro LC format.
In the case of the newly developed entrapped columns, the additional silanol groups
endowed by the entrapment matrix offer EOF support. Chiral separations were
achieved using water glass-entrapped MIP packed beds. The benefits of employing
this highly selective material in the CEC format are evident: increased efficiency,
better resolution and faster separation.
Control over the polymerization of water glass is very limited and column-to-
column reproducibility is relatively poor. Also, the additional alkaline flushing step
required in the preparation of the water glass-entrapped columns, to a certain extent,
alters the retentive properties of the sorbent. The solution to these problems, detailed
in the third chapter of this thesis, is the use of a class of reagents that deliver silica
matrices in a more reproducible fashion. Tetraethoxysilane (TEOS) and alkyl
triethoxysilane (RTEOS) are such reagents: they polymerize in a controlled fashion
and column-to-column reproducibility improves significantly. In addition, the alkaline
flushing step is no longer required and the chromatographic performance of the
optimized entrapped columns was equivalent to that for conventional packedru
capillaries,i.e.non-entrapped columns. The stepwise adjustment of numerous
parameters involved in the immobilization of the packed bed is detailed in Chapter 3.
At present, an increasing amount of attention is being focused on the analysis
of proteins. Microscale techniques have gained popularity in this application area, and
micro LC and CEC now play an important role in resolving complex peptide and
protein mixtures. To accomplish this, extensive research efforts have been undertaken
towards the development of sorbents that exhibit the desired selectivity in the absence
of non-specific sorptive interactions. Such an effort is presented in Chapter 4, in which
a new entrapment matrix is described. Based on an organic polymer, morespecifically
an alkyl methacrylate-based polymer, and exhibiting good entrapment properties as
well as virtually no sorptive interaction with analytes, this material offers great
advantages for practical application. The use of this organic polymer-based matrix in
conjunction with base-deactivated silica particles allows for separation of complex
mixtures of peptides, and other compounds commonly prone to non-specific
interactions in conventional silica-based chromatographic media.
In the search for new types of porous monolithic media to be used as
chromatographic sorbents, the issue of templating the porosity and the surface of the
in situ prepared sorbents garnered much interest. The ability to tailor the porosity as
well as the surface chemistry would insure increased resolving power through
improvements in efficiency and selectivity. Chapter 5 presents the fabrication of a
porous rod of polymer in which the size of the pores was dictated by silica beads.
Briefly, silica beads were packed into a tight bed, the interstitial space was filled with
a mixture containing over 90% (w/w) monomers, and thermal polymerization was5
initiated. Flushing the monolith with alkaline solution gradually dissolved the silica
particles and rendered a porous monolith, which was essentially a negative image of
the packed bed. Once again, following a trial and error approach, the parameters
essential to column preparation were identified and optimized. Separations of mixtures
of proteins and peptides were demonstrated on these novel monoliths by micro LC and
CEC.
1.1. Micro LC and CEC
In the field of separation science the trend towards miniaturization has led to
the development of microscale techniques based on high performance liquid
chromatography(HPLC)andelectrophoresis.Microliquidchromatography
encompasses HPLC separations in which the colunm diameter is less than 1.0 mm.
Micro LC instrumentation contains essentially the same components as HPLC: a
pump, an injection valve, a packed column and a detector (Figure 1.2). The main
difference is in the size of the column; colunm inner diameters (ID) vary from 10 tm
to 1 mm.
To minimize the effects of extracolunm band broadening, connecting tubing,
injection valve, and detection cell are also downsized. Relative to conventional scale
HPLC, micro LC possesses several advantages, namely high efficiency, shorter
analysis times, reduced solvent and sorbent consumption and higher mass sensitivity
[1-4].Capillary electrochromatography isa hybrid of micro LC and capillary
electrophoresis (CE). CEC employs essentially the same type of columns as micro LC,
namely, conventional HPLC particles are packed into fused silica capillary columns.
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Figure 1.2. Schematic representation of micro LC and CEC instrumentation.7
The difference between the two techniques lies in the fact that the hydraulic
pumping of the mobile phase is replaced by electroosmotic pumping as high voltage is
applied at inlet and outlet vials (Figure 1.2). This allows CEC to exploit the flat flow
profile characteristic of electroosmotic flow [5-7]. Consequently, high efficiencies,
increased resolution and high sample capacity are obtained. In CEC sample injection
is achieved by switching (for a short time interval) the buffer vial with a vial
containing the sample. Application of pressure or voltage forces a plug of sample into
the column through pressure or electrokinetic injection, respectively.
1.2. Historical perspectives
1.2.1. Evolutionofmicroscale liquid chromatography
If one considers the tremendous impact liquid phase separations now have
nowadays on science it is hard to believe that the journey started only 60 years ago. In
1941 Martin and Synge, later awarded a Nobel Prize, published a seminal paper on
liquid-liquid partitioning chromatography[8]. They laid the ground work for
theoreticaltreatment of chromatography and defined thestartingpointsfor
optimization of separation: smaller particle sizes and high pressures. The high
backpressure developed in the packed bed of a conventional column imposes a
practical limit on the size of the packing. This disadvantage can be overcome if one
uses smaller diameter columns. In the late 1960s the groups of Horvath [9], Scott[10]
and Ishii [11-12] initiated research on the miniaturization of analytical columns for8
HPLC. Horvath and Scott employed stainless steel tubing in column manufacturing
while Ishii experimented with poly(tetrafluoroethylene) (PTFE) tubing. In 1967
Horvath et al. published the first chromatogram obtained with a 1-mm inner diameter
(ID) stainless steel column, which he called a microbore column [9]. The separation of
ribonucleoside monophosphates was achieved in 30 mm employing pellicular packing
material, initially developed for gas chromatography (OC). The high-speed advantage
of micro LC was demonstrated in 1969 by Kirkland [13], who was able to separate
several urea herbicides in less than 6 mm. About 10 years later, Scott and Kucera
reported staggering efficiencies of 750,000 plates.m' [10] to be surpassed five years
later by Menet et al. [14] with one million plates obtained on a 22-m-long column
operated at 800 bar. Since then, microscale LC has been synonymous with high speed,
high efficiency and high-resolution liquid chromatography [15].
1.2.2. OnsetofCapillary Electrophoresis
Electrophoresis, one of the most powerful separation techniques, is based on
the migration of charged substances in solutions under the influence of an applied
electric field. The principle of electrophoresis was introduced in 1897 by Kohlrausch
as he derived the basic equations for ionic migration in an electrolyte solution [16]. It
wasn't until 1930 when Tiselius experimented on moving boundary electrophoresis
that protein mixtures were partially resolved in free solution as bands and detected by
ultraviolet(UV)absorbance[17].Tofurtherrefinezoneelectrophoresis.
anticonvective media such as paper and gels of polyacrylamide and agarose weredeveloped to suppress convection due to Joule heating. Concurrent with the growth of
the new biotechnology industry, concern about the introduction of toxic substances
into the environment was increasing. Coupled with the increasing need to analyze
minute amounts of biological samples, and encouraged by the recent successful
reports of microscale LC, scientists experimented with the capillary format for
electrophoreticseparations.In1967Hjerténdescribedthefirstcapillary
electrophoresis apparatus. It employed the use of 1- to 3-mm ID quartz capillary
immersed in a cooling bath which was continuously rotated about its axis to reduce
convective mixing [18]. A "scanning" detector enabled continuous monitoring of the
peak profiles during the separation. Using this apparatus Hjertén achieved separations
of inorganicions,proteins, nucleic acids, and microorganisms by free zone
electrophoresis and isoelectric focusing.
The modern era of capillary electrophoresis was started in 1981 by Jorgenson
and Lukacs [19]. They employed simple research instruments consisting of a fused
silica capillary (similar to those used for gas chromatography), electrode reservoirs, a
high-voltage power supply, and an HPLC optical detector. Injection was achieved by
simply dipping the capillary inlet into the sample solution and applying voltage or
raising the level of the sample vial. The polyimide coating of the capillaries was
burned away to provide a UV-transparent detection window in the capillary. The high
electroosmotic flow (EOF) caused by the charge on the underivatized silica surface
was used to drive anions, neutral species and cations past the detection point.
Efficiencies of thousands of theoretical plates per meter could be achieved due to the
plug-flow characteristics of EOF. The simplicity of these "home-made" systems10
inspired instrument manufacturing companies to develop instruments that would
expand exponentially the application of capillary electrophoresis in the next two
decades. The success of the technique established the name "high-performance"
capillary electrophoresis (HPCE).
1.2.3. Capillary Electrochromatography
As early as 1877 Helmholtz discovered the phenomenon of electroosmosis
[20]. He applied an electric field across a glass capillary filled with a salt solution and
determined that the wall of the capillary acquired a negative charge. As voltage was
applied, the positively charged particles (counterions) associated with the wall moved
towards the cathode and this nondiscriminatory transport process was termed
electroosmosis or electroendosmosis.
In 1974 Pretorius et al. studied electroosmosis in packed glass tubes and
observed that electroosmosis can be used to pump solvents and sample through a
packed bed [5]. He pointed out the fact that EOF has a flat profile while the pressure
driven flow has a parabolic profile. For that reason, he concluded, electroosmotic flow
would be less affected by the irregularities in the packed bed.
A few years later, encouraged by the large EOF velocities recorded in his
capillary electrophoresis experiments, Jorgenson employed EOF as a motive force in
packed capillary columns in the same simple home-built instrument [6]. The wide
range of stationary phases available would add tothe method the advantage of broader
selectivity. More important, due to the independence of the flow velocity on the11
geometry and size of the channels in the packing, impressive efficiencies were to be
expected. Indeed, 20,000 platesm1, reduced plate heights of 1.9 and 2.5 were
recorded. At the time, the typical optimum reduced plate height for packed capillaries
was 2.5.These promising resultsgaverisetoincreasedinterest and soon
instrumentation and applications were developed for the new technique, which would
later be called capillary electrochromatography (CEC).
A thorough theoretical study of CEC published in 1988 by Knox [21], was
followed in 1991 by another paper [22] in which efficiencies up to 500,000 platesm'
were reported. Knox employed both slurry packed and drawn packed capillaries and
found that the particle size had essentially no effect on velocity and that rapid
separations could be obtained. Before long, CEC captured the interest of many
scientists, who acknowledged its advantages and united their efforts to solve some of
the instrumental and operational hurdles that prevented it from being a routinely used,
rugged technique.
1.3. Measuring separation quality
Chromatographic techniques separate mixtures based on different migration rates
of the analytes through the separation conduit. For quantitative assessment of the
quality of the separation, parameters such as retention, peak shape, resolution and
efficiency have been defined. These figures of merit enable comparisons between
different chromatographic methods, systems and conditions, providing the basis for
separation-optimization [23-24].12
The affinity of a given analyte for the stationary phase is expressed by the
retention factor (k), which is defined as the ratio of the adjusted retention time for an
analyte (difference betweentR,the retention time of the analyte andto,the elution time
corresponding to the void peak) andto(equation 1.1).
k=(tRt0) (1.1)
to
Compounds not retained by the stationary phase, such as acetone or thiourea in
the case of reverse phase sorbents, can be used as flow markers to identify the elution
time corresponding to the void peak. The capacity factor is proportional to the
analyte's thermodynamic partition ratio, increasing as the analyte interacts more
strongly with the stationary phase. Since it is independent of the column size and flow
rate, any modifications in column properties, such as those due to extended use or
chemical treatments, can be detected by measuring the capacity factor.
Peak asymmetry factor (As) indicates the extent to which the shape of the peak
deviates from a normal distribution curve. A perpendicular is drawn from the peak
maximum to the baseline and the horizontal distances from this perpendicular to the
front and rear edges of the peak are measured at 10% of peak height. The asymmetry
factor is defined as the ratio of B, the trailing half width of the peak and A, the leading
half width of the peak, both measured at 10 % of peak height (equation 1.2).
(1.2)
A10%
Good columns produce peaks with A of 0.95-1.1. Tailing peaks (A>1.2)
hinder baseline separation, requiring longer run times for complete analyte resolution.13
They arise from a poorly packed column, injection problems andlor indication that
more than one retention mechanism is manifest.
The degree of separation or resolution(R)of adjacent bands is defined as the
distance between band centers divided by the average bandwidth (equation 1.3).
tRItR2
R
1/2(w1 +w2)
(1.3)
wheretR,andtR,2are the retention times and wj andW2are the baseline widths of the
two peaks. Symmetric peaks are baseline separated atR= 1.5.Resolution is the most
important figure of merit in chromatography because itindicates whether the
separation has been achieved. There are, however, practical issues such as the analysis
time, more complex matrices, method robustness and cost that must also be
considered.
Knowledge of the parameters that determine resolution provides the tools for
separation-optimization. Improvement in the resolution of two solutes can be achieved
by increasing the magnitude of one or all of the terms in the master resolution equation
(equation 1.4):
R4l±kJaJ
(1.4)
where k is the retention factor, a is the selectivity, or separation factor, and N is the
efficiency.
The selectivity factor for two species x and y equals the ratio of the capacity
factors for x and y for a given column (a= k/ ks). Bydefinition a is always greater14
than unity(kr>kr). The distribution of the sample between the mobile phase and
stationary phase, described by k and a, can be adjusted by varying the composition of
the mobile phase (solvent strength, pH, ionic strength), the composition of the
stationary phase (column) and temperature.
Under operating conditions the solute partitions between the stationary phase
and the mobile phase and the resultant profile of the solute band is a normal
distribution curve. Efficiency (K) is related to the width of the chromatographic peak
and reflects the rates of diffusion and mass transfer occurring during movement of the
solute through the system. As the solute advances through the column the solute band
broadens; broadening interferes with the resolution of adjacent bands. Efficiency is
quantified by equation 1.5:
2
N=-16I---1 (1.5)
Wb)
wheretRis the retention time of the peak,a2is the peak variance (the square of the
standard deviation a) in units of time and w, is the peak width at baseline in time
units.
Efficiency is also termed plate number or number of theoretical plates. This
nomenclatureisderived from a pioneeringtheoreticalstudyin which the
chromatographic column is viewed as a distillation column that is made up of discrete
layers called "theoretical plates" [8].15
Continuing the analogy, another parameter that assesses peak dispersion can be
defined, the height equivalent of a theoretical plate or plate height (II):
a2L
(16
LN
Plate height can be viewed as the length of column that contains one
theoretical plate. It can therefore be used to compare the quality of columns of
differing lengths. In the case of packed column chromatography, further normalization
of the plate height to the diameter of the packing material provides an even more
universal parameter, the reduced plate height (h), which affords comparisons of
columns with various lengths, packed with various packing materials, operated under
different chromatographic techniques.
As discussed above, physical (rather than chemical) processes that occur as
solute passes through the column affect efficiency. Because they are kinetic processes,
their influence on efficiency is determined by the rate at which the mobile phase
travels through the system. Early attempts to define efficiency in terms of diffusion
and mass transfer effects include the studies of van Deemter [25], Giddings [23], Knox
[26]. A simplified equation expresses the plate height as the sum of individual
contributions:
HA++Cs/J+Cmp (1.7)
1L1
where p is the mean linear flow rate of the mobile phase, A is the "multiple path"
term, B isthe molecular diffusion term and C and Cmterms represent the16
contributions of solute mass transfer in the stationary phase and mobile phase,
respectively.
A is the result of the different total distances traveled by the solute molecules
through the multitude of paths available to the solute to go around and/or through the
pores of the stationary phase. Reducing the particle size and increasing the length of
the column minimize this effect, also known as eddy diffusion.
Baccounts for axial or longitudinal molecular diffusion of the solute molecules
along the column axis by local concentration gradients. The contribution of
longitudinal diffusion is inversely proportional to the mobile phase velocity.B is
proportional to the diffusion coefficient in the mobile phase; hence, the effect is less
pronounced in liquid chromatography than in gas chromatography.
Due to the relatively highflowrates employed in chromatography there is not
enough time for the mobile phase and stationary phase to reach equilibrium. As a
result chromatographic columns always operate under nonequilibrium conditions. The
mass transfer terms (C and Cm) arise because of the finite time taken by solute
molecules to diffuse from the interior of the mobile phases or stationary phase to their
interface where transfer occurs. Consequently, a true equilibrium situation is never
established as the solute moves through the system, and spreading of the concentration
profiles results. The effect is minimal for small particle size and thin coatings of
stationary phase and increases withflowrate and the length of the column.
For a given analyte and set of conditions, experimental values of H plotted
against the rateflowof mobile phase produce a hyperbolic curve, also known as a Van
Deemter curve, showing an optimumflowrate for minimum plate height, or17
maximum efficiency. The position of the maximum efficiency may vary with the
solute; the most efficient flow rate for a particular mixture is, therefore, a matter of
compromise.
1.4. Advantages and challenges of miniaturization
Miniaturization is a general trend in analytical chemistry. It is driven mainly
by the requirement for analysis of smaller amounts of sample, low consumption of
both mobile and stationary phases and the need for more efficient heat transfer in
cases where solute migration is achieved by applying a high electric field. There are,
however, other advantages that support the use of micro packed columns: mass
sensitivity and improved permeability, which ultimately results in higher efficiencies
and more facile interfacing with mass spectrometry (MS). These advantages are
accompanied by technical problems associated with minimization of extracolunm
volumes, design of columns, and availability of suitable detectors [1-4]. Even today,
some of these problems challenge separation scientists to find newer and better
solutions.
Let us now examine in more detail each of these issues.
1.4.1. Mass Sensitivity
In chromatographic separations the sample plug is carried through the column
by the mobile phase, while analytes partition in and out of the stationary phase. All of18
these processes include a diffusive component that ultimately dilutes the initial sample
plug. Smaller colunm diameter and smaller amounts of solvent introduced in the
process minimize dilution. Consequently, the solute concentration at the colunm outlet
is higher than that obtained in conventional analytical columns. The ratio of the solute
concentration at peak maximum (Cmax) to the solute concentration in the sample(c5)
characterizes the degree of analyte dilution during separation on a chromatographic
column. The dependence ofcm/ c5on column diameter can be calculated and the
values corresponding to a given set of conditions are presented in Table 1.1.
Table1.1.Ratio of solute concentration at peak maximum tosolute
concentration in the injected sample plug (cm/ c5) for different column diameters.
Calculations were done for the following conditions: reduced plate height of 2,
retention factor of 4, particle diameter 5 .tm, porosity 0.7, column length 30 mm, and
injected volume 20 nI. Adapted from reference 3.
Column diameter
[mm]
Cm/ C
0.2 l.32x10'
0.5 2.12x102
1.0 5.30x103
5.0 2.10x104
Minimizing the dilution process is beneficial for detection sensitivity when
concentration dependent detectors (e.g. UV, fluorescence) are employed. Relative19
sensitivity may be increased by three orders of magnitude as column diameter is
decreased from 4.60 mm to 0.050 mm [2].
In practice, however, one cannot take full advantage of these calculated values
because instrument miniaturization imposes restrictions on the volume of the detection
cell. In the case of UV detection, for example, measured absorbanCe is proportional to
the cell path length. Downsizing from a conventional HPLC column to a capillary
column, the cell path length also decreases about 100 times; the net gain in sensitivity
is only of about 10-fold. However, the increase in mass sensitivity is a significant
benefit when the amount of sample is limited, as may occur in forensic applications,
biochemical research, etc. The smaller dilution compensates for the fact that the
detector needs higher concentrations to be able to distinguish the solute.
It must be pointed out that smaller sample volumes are more difficult to detect
when mass-sensitive detectors are employed. This is one of the reasons why optical
detectors are most widely used. Another reason is that optical detection can be
performed "on-column" by using the capillary itself as the flow cell; this makes
instrument designs much simpler and eliminates extracolunm effects introduced by a
separate detection cell.
1.4.2. Column permeability
Numerous studies on small diameter columns found that reduced plate heights
were smaller than was the case for theirlarger counterparts[27-31]. Such
improvement in efficiency is not immediately apparent from theoretical treatment of20
microcolumn chromatography. A comprehensive study by Knox and Parcher [28]
showed that the magnitude of improvement is strongly dependent on the ratio of
column to particle diameter, the aspect ratio. As the ratio decreases column
permeability increases [28].
The permeability of a chromatographic column is a measure of its resistance to
flow and can be expressed in terms of the dimensionless flow resistance parameter0:
APd
2
0= (1.8)
pLi
where AP is the pressure drop along the column,dis the particle diameter,Lis the
column length,,is the mobile phase viscosity and p is the mobile phase linear
velocity. Evident in equation 1.8 is the direct proportionality between AP and0.With
a fixed set of operational conditions (i.e. fixedd, Land77),the pressure drop required
to obtain a particular linear velocity is dependent upon0.
Bristow and Knox defined the separation impedance (E) as another figure of
merit that quantifies column permeability [32]; the parameter expresses column
efficiency per unit time and pressure unit drop.
2
E (APYi'
0 (1.9)
wheret0is the elution time of an unretained compound and N is the number of
theoretical plates. This parameter allows comparison of efficiencies obtained using
different conditions or different types of columns and can also be expressed as:21
E=[JØ=h2Ø (1.10)
where h is the reduced plate height and0is the colunm resistance parameter.
As stated above, a significant decrease in column diameter results in improved
separation impedance. Values of E and q$ for various column diameters are shown in
Table1.2.This finding has several ramifications: a reduction in E results in increased
efficiency. This increase, however,is not spectacular because E isinversely
proportional to N2. On the other hand, E is directly proportional to the running time; a
decrease in column impedance generates faster separations. Another significant
improvement originates from the proportionality relation between pressure drop and
impedance. In liquid chromatography there is a maximum pressure attainable by
conventional instrumentation (about 400 bar). A more permeable column operated at
the same applied pressure can be made longer, and colunm efficiency increases
proportionally. Another ramification of the smaller pressure drop advantage of
microcolumns is the ability to use packing material with smaller diameter. This
interdependence supports the general observation that optimizing chromatographic
separation is a compromise; in this situation, a compromise between speed and
efficiency.Table 1.2. Typical values ofhmjn,q.5, and E for various column diameters.
Adapted from reference 2.
Column Type hmin E
Narrow bore and conventional packed
columns (d/d> 10)
2 500-10002000-4000
Packed capillary columns (d/d2.5) 2 150 600
Open tubular columns 0.8 32 20
1.4.3. Consumption ofpacking material and solvent
The significant savings in packing material brought about by column
downsizing is immediately apparent. If we take as a ratio the volumes of a
conventional HPLC column (4.6 mm diameter) with that of a capillary column (100
JLm diameter) for the same column length, we obtain2000-fold decrease in volume. In
general, packing material is quite expensive; the savings are even more significant
when costly "exotic" materials are used.
To estimate the savings in solvent consumption we need to have a closer look
at the volumetric flow rate employed in liquid phase separations. In a packedcolumn,
the volumetric flow rate is given by equation 1.11:
F=t0t' (1.11)
4
where p is the mobile phase linear velocity, d is the column diameter and e0is the
total column porosity. Using this equation the volumetric flow rates for various23
column diameters at fixed linear velocity were calculated and their values are listed in
Table 1.3. The economic and environmental advantage resulted from using three
orders of magnitude less solvent is evident.
Table 1.3. Comparison of flow rates for various column diameters operated at
a fixed linear velocity (about 3x optimum velocity). Adaptedfrom reference 2.
Column Diameter
(mm)
Volumetric Flow Rate
(j.tLmin')
4.60 1400
1.00 66
0.530 19
0.100 0.66
0.050 0.16
1.4.4.Heat transfer
Due to their small heat capacity, microcolumns can more effectively dissipate
the heat generated by pressure drop and, in the case of CEC and CE, the heat
generated by the passage of electrical current, the Joule heat. Heating is problematic
because it is causes nonuniform temperature gradients and local changes in viscosity,
the source of differential diffusion and subsequent band broadening [33].
The efficient heat transfer allows for the use of temperature programming in
micro-LC[1-2].Itrequires only an oven in which column temperatureisprogrammable, such as the oven used for GC. The "general elution problem" is a
commonly used chromatographic term that refers to situations where the nature and
complexity of the sample results in a separation where peaks that elute early tend to be
poorly resolved while those that appear later in the chromatogram are broadened.
Gradient elution can be employed to solve such challenging separation problems, but
the generation of reproducible controlled solvent gradients in capillary columns is not
easy. Temperature programming is another simple, handy tool available for solving
the general elution problem in microscale separations. A comparative study indicates
that a 5° C change in column temperature is equivalent to 1% change in acetonitrile
concentration [34].
The strong dependence of heat dissipation with column diameter is essential in
CE and CEC where a significant amount of heat is generated. The increase in
temperature increases with applied power, which depends on the applied voltage,
column diameter and buffer conductivity. Voltages up to 30 kV are applied to enhance
efficiency or speed up the separation. Typical power generation is about 1 W/m;
consequently, only employing capillary columns can offset the deleterious effects due
to thermally induced band broadening.
1.4.5. Interfacing to mass spectrometry
Microscale separations, with their excellent efficiencies, are more frequently
used for the separation of complex multicomponent mixtures. Interfacing a mass
spectrometer to a chromatograph expands to an even greater extent the ability to25
analyze complex samples. In addition to mass-selective detection, a mass spectrometer
can yield structural information that can be used to identify compounds as they elute
from the colunm.
The main problems encountered in coupling HPLC to a mass spectrometer
result from the incompatibility of the large volumes of effluent from the HPLC
column and the vacuum requirement of the mass spectrometer. Consequently, the
reduction in volumetric flow rate encountered with microcolumns facilitates coupling
of the systems; this prevents the need for flow splitting and, therefore, avoids further
reduction in sensitivity. In particular, micro-LC/MS has become a powerful analytical
tool with the advent of electrospray ionization technology (ES!), which offers an
improved interface and ionization source relative to its competitors [2,35]. Typical
solution flow rates for ESI are 1-10 .ilmin'. Thus, with respect to flow rates, micro
LC is a more natural match for MS than is conventional HPLC.
1.4.6 Extra column effects
Analyte dispersion is reflected in the width of the chromatographic peak and is
expressed as volume variance (2Vtot). Dispersion occurs from the moment the sample
is injected into the system until the moment its presence is detected in the detection
cell. The resulting dispersion of the solute during separation is the sum of individual
contributions to dispersion of each extracolumn volumes [1,3].
Vtot =Vco + a Vinj +a vtubing+ crVcetI (1 .12)26
The chromatographic system is considered to be optimal when 90% of the
dispersion occurs on-column(c2v0j90%c2vtot). Therefore, other sources of
dispersion such as injection volume(2Vinj),tubing length(a2vtubing) and cell volume
(a2vceii) must be kept as small as possible. On-colunm dispersion for the unretained
solute is proportional to h (reduced plate height),4,(packing diameter),L(column
length),Ctot(porosity) and c1 (column diameter) [3]:
1
a=,zhd Le,,.d (1.13)
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It is evident that the volume of the column decreases significantly with column
diameter, decreasing total peak dispersion and therefore imposing much stricter limits
on the extracolunm spaces. Maximum allowable extra-colunm volumes can be
calculated for given column diameters. The values listed in Table 1.4 give a measure
of the instrumental challenges that faced the pioneers of this field. These problems
have in part been solved, and some of the most often implemented solutions follow.
Injection requires not only minimized dispersion but also a high degree of
accuracy and precision. The sample ioop type injector valves commonly used in
HPLC have been modified to deliver minute amounts of samples. Microvalve injectors
that deliver down to 60 ni are commercially available from Valco (Houston TX, USA)
and Upchurch Scientific (Oak Harbor WA, USA). The new designs of injection valves
eliminate the use of connective tubing, providing minimal band broadening and
reproducible injections. Even smaller sample volumes can be injected in CEC by
employing on-column pressure injection or electrokinetic injection.27
Table 1.4. Maximum allowable extra-column volumes for various colunm
diameters. Assumed conditions: L = 250 mm,k = 2, N10,000, u = 2.0mms1,s,01
= 0.7 andDm =i0 cm2s1. Adapted from reference 2.
ColumnPeak Volume V
InjectionTubin Cell
diameter volumealength volumec
(mm)
(j.tL)
(j.tL) (cm) (jiL)
4.60 350 40 31 15
1.00 17 1.9 0.071 0.73
0.530 4.8 0.54 0.0040 0.17
0.100 0.17 0.019 2 0.039
aAllows 5% peak broadening.
bAllows 3% peak broadening, connective tubing 250 jim.
CAllows 3% peak broadening.
Both injection methods are made possible by the fact that the inlet and outlet of
a CEC column are continuously immersed in buffer. If the inlet buffervial is switched
with a sample vial and pressure or an electric field is applied, a plug of sample enters
the column. The length of the plug depends on the magnitude of applied pressure or
voltage and the duration of time over which injection occurs. Such injection methods
are less reproducible and therefore limit the use of CEC as a quantitativeseparation
technique [36-38]. In the case of electrokinetic injection one needs to be aware of the
fact that sample discrimination can occur; positively charged compounds will migrate
faster (driven by the electroosmotic flow and their positive electrophoretic mobility)
than the neutral compounds (which essentially follow electroosmotic flow) and much
faster than negatively charged compounds (for which their negative electrophoretic
migration opposes the electroosmotic flow). From a hypothetical sample that contains28
the same concentration of an anionic, cationic and neutral species the injection plug
will contain more cations than neutral species and less anions than neutral species.
As mentioned previously, in the case of fused silica capillaries optical
detection can be performed using the capillary column itself as a flow cell. The
polyimide coating must be removed over a small section downstream from the
packed-bed and the UV-transparent silica tubing exposed. On-column detection offers
the advantage of simplicity and minimal extracolunm volume contribution, but limits
the detection sensitivity by its short path length. Micro flow cells commercialized by
LC Packings (Amsterdam, the Netherlands) and Agilent Technologies (Waldbrorm,
Germany) employ a z-shaped fluid path designed to increase detection path length.
Practical limitations such as leaks, dead volumes, detection cell clogging and
relatively high cost make micro flow cells a less attractive alternative.
There is another parameter that can contribute to band broadening, a parameter
not included in equation 1.12: the time constant of the detector [2,3]. The electronic
components of the detector have a certain intrinsic speed with which they respond to a
change in solute concentration. If the response is not fast enough (long time constants)
additional band broadening occurs. This issue is especially important in the detection
of very narrow chromatographic peaks. Accordingly, micro-LC instrumentation
requires the use of electronics with short time constants.1.5. Electroosmotic flow versus pressure driven flow
The motive force for bulk flow in liquid chromatography is a pressure gradient,
while in CEC it is electroosmosis arising from a potential gradient. As mentioned
previously, EOF originates near the walls of the fused silica capillary due to a charge
imbalance that exists at the surface-liquid interface [2, 5-7, 36-38]. The silica surface
contains a large number of acidic silanol (SiOH) groups that ionize in solution to yield
negatively charged Si0 groups. When exposed to a solution containing oppositely
charged ions (e.g. mobile phase-containing buffers), the silica surface will attract the
counterions to maintain electroneutrality. These counterions are held tightly to the
wall surface and comprise the Stern layer. Due to thermal agitation, some counterions
extend out some distance beyond the Stern layer and form the Gouy, or diffuse layer.
They are mobile and free to exchange with counterions in the bulk solution. A
schematic representation of this two-part layer, also known as the electrical double
layer, is depicted in Figure 1.3.
Upon application of an electric field, counterions in the diffuse region begin to
migrate toward the electrode of opposite polarity (generally the cathode). Because
these counterions are solvated, and due to the tremendous frictional forces between
molecules in solution, the migrating ions drag the bulk solution toward the electrode.
Consider a capillary tube of radius r. The velocity of the EOF at any point
situated at the distance r from the center of the tube is given by the following
equation:30
veo(r)=
eCE(1IO(Kdr)
4ri IO(Kdr)J
(1.14)
where c is the permittivity of the mobile phase,is the zeta potential, E is the electric
field strength, iis the mobile phase viscosity,lcdis the reciprocal of the thickness of
the double layer, and I is the zero order Bessel function of the first kind [2, 39]. For
the buffer concentrations employed in CEC the thickness of the double layer is very
small (on the order of 1 nm), the term in parentheses reduces to one and equation 1.14
becomes:
(Veo)=eE
(1.15)
4iri
where (Ueo) represents the average flow velocity in the tube. This equation is
applicable in the absence of double layer overlap and shows that the velocity profile is
flat over most of the capillary cross-section.
Let us consider the pressure driven or laminar flow. The Hagen Poiseuille
equation gives the variation of flow velocity with the distance from the center:
PIc2_r) (1.16)
4i7L
where zIP is the pressure drop, ij is the viscosity of the mobile phase, L is the length of
the column andris the radius of the colunm [23]. A graphic representation of
equation 1.16 shows that the laminar flow has a parabolic profile (Figure 1.4), with an
inhomogeneous velocity distribution.31
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Figure 1.3. Schematic representation of the electrical double layer. Adapted
from reference 38.
Electroosmotic flow (EOF)
has a flat velocity profile...
EOF velocity is independent
of channel diameter...
S
as opposed to the pressure driven flow,
which has a parabolic velocity profile.
as opposed to laminar flow velocity which
depends oii channel diameter.
Figure 1.4. Flow profile and its dependence on channel diameter for EOF and
pressure driven flow.32
Table 1.5. Comparison of efficiency and peak capacity values obtained in
micro LC and CEC separations for various particle sizes. Adapted from reference 2.
Particle
diameter
(pm)
CEC MicroLC
Plates per
column
Peak capacity Plates per
column
Peak capacity
5 59,000 147 40,000 121
3 98,000 189 47,000
a 130
1.5 200,000 269 24,000
b
Assumed conditions: linear velocity: 1.0 nims'; colunm length: 50 cm; high-pressure
limit (microLC): 400 bar;km = 10;reduced plate heights:hcec= 1.7,hmicroLC= 2.5.
aColumn length limited to 35 cm due to high-pressure limit.
bColumn length limited to 9 cm due to high-pressure limit.
In packed capillary chromatography, both means of bulk transport (pressure-
driven and electro-driven) have been employed. The use of EOF has demonstrated
three notable advantages [2, 5-7, 36-38]. The first advantage stems from the fact that
the radial uniformity of the mobile phase velocity profile, i.e. its independence of the
distance to the walls of the column, results in a vanishingly small contribution to
chromatographic peak dispersion. Consequently, narrower peaks, higher resolution
and larger peak capacity can be observed as electroosmotic flow is used in place of
pressure-driven flow (Table 1.5). The second advantage of EOF is that, in the absence
of double layer overlap, its velocity is independent of the radius of the capillary tube.
Conversely, pressure driven flow velocity varies with the square of the channel radius.
Since EOF velocity has essentially the same magnitude independent of the geometry33
and size of the channels in the packing (within limits as described), there is a
significant reduction in the eddy diffusion term, which yields increased efficiency. The
third advantage of electroosmotic flow isthat no significant pressure drop is
associated with this form of bulk transport. Therefore, as opposed to micro LC, where
pressure drop is a major limitation, CEC affords the use of very small particles
(particles smaller than1jtm have been employed) that provide a significant
improvement in separation efficiency. As pointed out in an earlier discussion of the
parameters that influence efficiency, as the particle diameter decreases the plate height
decreases and efficiency improves (Table 1.5).
In summary, the separation techniques that rely on EOF for bulk transport have
a potential for high efficiency separations. This facilitates the resolutionof a large
number of components in a single run and therefore extends the practical applicability
of the analytical technique to the investigation of highly complex mixtures.
1.6. Column technology
The column is at the heart of chromatography. It ultimately determines the
maximum achievable resolving power of the system, the efficiency of the separation
and, in the case of CEC the velocity of the mobile phase. Chromatographic separation
techniques can therefore be classified based on column size and structure (Figure 1.5).
For instance, preparative LC employs columns with diameters larger than 5 mm while
HPLC operates with "conventional columns" having diameters varying from 3 to 5
mm. As the size of the column decreases the technique is called "semimicro LC"if the34
diameter is about 2 mm, or "microbore LC" for1 mm diameter. For most
chromatographers, "micro LC" employs capillary columns of 1 to 530 p.m ID.
Preparative LC
ID>5 mm
Conventional LC
ID =3-5 mm
cI=500 1000
Seninicro IC
ID = 2 mm
500-1000
Microbore LC
ID=lmm
cIi=500 1000
Micro LC
ID =1 p.m - 530 p.m
(D= 32-1000
Figure 1.5. Classification of LC columns based on column diameter.
Based on the structure of the chromatographic bed, micro LC columns can be
categorized in three major types: (i) open channels, (ii) polymeric rods or monoliths
and (iii) packed structures. The packed structures can be subdivided into threeOpen channels
1D1 -100pm
= 32
Wall coated open tubular Surface coated open tubular
(WCOT) (SCOT)
1D1-501tm ID=25-lOOjim
Micro Columns
ID=1 -530pm
Packed structures
ID=20tm-530pm
=200- 1000
Polymeric rods or
monoliths
ID=70- 180 JIm
Silica monoliths Organic monoliths
D-75-100jtm ID-75-lOOpm
Conventional Drawn packed or Entrapped
packed capillaries Semipacked microcapillary columns capillaries
ll)10 -5301-tm (SPOT) ID75-100 I'm
'D=200-1000 1D25-100Ilm
cD= 150
Figure 1.6. Classification of capillary columns based on the structure of the chromatographic bed.36
different types: drawn packed capillaries, conventional packed capillaries and
entrapped packed beds (Figure 1.6).
Let us now examine each of these types of chromatographic columns.
1.6.1. Open tubular columns
In the time that has passed since the first LC separation was achieved in an
open tubular (OT) column, there has been much progress in termsof efficiency
enhancement as well as selectivity optimization. Theoretical treatment by Tsuda and
Novotny [30] and experimental studies by Ishii [1, 11-12] demonstrated the potential
for extremely high efficiencies as smaller IDs are employed. Remarkable efficiencies,
on the order of 2,800,000 theoretical plates were obtainedwith a 27-rn-long column of
32 p.m ID by Smit et al [39].
Currently, to achieve maxirnum efficiency in OTLC, fused silica capillaries as
narrow as 10 p.m are employed [40-41]. Peak volumes generated in columnsof this
size are on the order of 0.1 nI and caution must be employed to avoid extra-column
peak broadening. Accordingly, sophisticated low flow rate pumps and/or flow splitting
are necessary to handle the very small sample volumes and flow rates,and on-column
UV or laser-induced fluorescence (LIF) detection is usually employed. Limited sample
capacity coupled with the small path length makes LIF the method of choice for
detection in OT liquid chromatography (OTLC). The requirement of highly
specialized instrumentation derived from the limited column loadability narrows the
applicability of OTLC [40].37
Both physically coated and chemically bonded stationary phases have been
developed for OT liquid chromatography, each iteration improving significantly in
column selectivity [11,12]. It remains a challenge to prepare uniformly coated UT
colunms in a reproducible manner.
As CEC began to capture the attention of separation scientists UT colunm
fabrication procedures were revisited, and novel means of creating stationary phases
extended their sample capacity and selectivity. In one instance, a porous layer of
polymer was anchored to the walls and reversed phase [42] or molecular imprint
polymer stationary phases [43] with increased surface area were prepared. Another
approach developed by Pesek's group [44-45] uses a strong etching reagent
(ammonium hydrogen difluoride) that alters the chemical behavior of the wall. Anodic
EOF is observed at pH < 4.5, suggesting that nitrogen-containing species from the
etching agent are incorporated in the surface structure. After etching, silanization of
the surface is performed to attach the stationary phase at the surface.
1.6.2. Monolithic columns
The technical difficulties associated with fabrication of packed columns and
limitations imposed by the low sample capacity of the UT capillaries prompted the
development of porous monolithic stationary phases. Fabrication of the new stationary
phase entails a simple in situ procedure: fused silica tubing is filled with a mixture of
monomers and porogenic solvent, and allowed to polymerize in siturendering a highly38
permeable structure (Figure 1.7) [46-54].The porosity, retentive capability and
surface charge of the polymeric rod can be tailored to a certain degree by adjusting the
nature and amount of monomers and porogenic solvents.
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+porogenic
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Figure 1.7. In situ fabrication procedure of monolithic stationary phases.
Organic [46-5 3] and inorganic [54-56] monoliths have been fabricated in this
fashion. The organic polymers have(i)rigidstructures of highly crosslinked
methacrylate [50-52], styrene or divinylbenzene [53] based polymers or (ii) soft gel
structures, as acrylamide [47-49] based gels are used.
The use of rods of organic polymers as stationary phases was pioneered by
Fujimito [49] and 1-Ijertén [47]. The employment of soft gels is possible in CEC due to
the lack of backpressure associated with EOF. Incorporation of a monomer with a39
charged moiety such as 2-acrylamido-2-propanesulfonic acid or vinylsulfonic acid
providestheionizablegroupsthatsustain EOF. To increaseretentionthe
hydrophobicity of these aqueous gels is improved by incorporating butyl methacrylate
via emulsification or derivatization with an organic ligand after polymerization. Palm
and Novotny [48] obtained impressive efficiencies (around 400,000 plates.m) by
employing bisacrylamide as crosslinker.
The feasibility of methacrylate based polymers in the synthesis of rigid
monoliths has been demonstrated by Svec and Frechet [50-52]. In this case a radial
polymerization is initiated by temperature or UV radiation. The porosity of the
monoliths is adjusted by fine-tuning the composition of a ternary porogenic solvent
system consisting of water, I -propanol and 1 ,4-butanediol. A thorough study of the
effect each parameter has on the physical and chromatographic characteristics of the
new stationary phase led to high efficiency reversed phase [5 0-52]and chiral [57]
separations.
Porous silica monolithic structures have been prepared inside capillary
colunms mostly by the sol-gel process. As in the case of organic monoliths, a mixture
of monomeric precursors and porogen are introduced into the capillary colunm. After
hydrolysis and polycondensation reactions, a highly porous three-dimensional network
of silica is created. Subsequent derivatization of the silica skeleton affords a new
medium with reversed phase properties. Pores as large as 8 pm are created by
employing poly(ethylene)oxide as pore-forming agent. Columns were evaluated in
pressure driven and electrically driven modes and exhibitedseparation efficiencies of
48,000 platesm' and 128,000 platesm' respectively [55-56].40
1.6.3. Conventional packed columns
The first columns used in both micro LC and CEC and the most commonly
used to date are packed capillaries. Their main advantages reside in the high retention
and column capacity. These columns consist of two sections: a packed section, where
particles of 1.5 to 10 m are held in place by retaining frits, and an open tubular
section onto which the detection window is prepared.
Column packing has been extensively studied and pressure packing continues
to be the most popular method. In the beginning methods such as balanced density
sluny and vacuum pulled slurry were employed [1-4]. Dry packing methods, which
claim shorter packing times and similar column performances, have also been used
[2]. The method most often used nowadays is the slurry packing technique. One major
concern during packing is preventing aggregate formation; employing a slurryin
which the solvent has similar density and polarity with the packing material (to
improve wettability) renders homogeneous, we! !-packed chromatographic beds. Such
homogeneous media can also be achieved by continuously sonicating the slurry during
packing.
In a typical slurry packing procedure, the packing material and about 1 ml of
solvent (selected for compatibility with the packing material; for reversed phase,
acetonitrile and water often yield the best results) are thoroughly mixed and sonicated,
then transferred to a stainless steel reservoir. The reservoir is connected on one side to
a high-pressure pump that delivers a displacementsolvent.41
On to one end of the capillary to be packed a retaining frit (made of porous
silica or organic based polymers, Teflon, glass wool or metal) is attached; theopposite
end is fitted to the reservoir (Figure 1.8).
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Figure 1.8. Schematic representation of the slurry packing procedure.
In order to ensure the homogeneity of the slurry a small magnetic stirbar
placed into the reservoir can be used for mixing. The reservoir may alsobe placed in
an ultrasonic bath, and sonicatedduring packing. Pressure is applied and increased
gradually up to about 250 bar. When the column has been packed to thedesired42
length, the system is depressurized and the column can be flushed and conditioned
with the mobile phase that is to be used for the analysis.
Novel alternative packing procedures use different means to force the packing
material from the slurry reservoir into the capillary. For instance, during electrokinetic
packing a potential ramp of 2 to 30 kV is applied across the capillary and the slurry
reservoir such that the charged particles electromigrate into the column [58]. This
packing technique is especially suited to packing very small diameter (1.5 tm) sorbent
material. Another recently developed packing technique uses the centripetal force
created by spinning a rotary reservoir onto which numerous capillaries are mounted
[59]. Both techniques are suitable for mass production of packed capillaries and have
been shown to produce columns offering performance characteristics equal to those
made using the more conventional slurry packing method.
1.6.4. Drawn packed capillaries
An interesting solution to the small loadability of OT columns and high flow
resistance parameters of packed columns is offered by the drawn-packed capillary
columns, also known as semi-packed capillary columns. These columns were initially
developed for GC and were tested also for LC [30].
The manufacturing process consists of packing 1- to 2-mm tubing with sorbent
material and subsequent drawing to the desired diameter using a glass-drawing
machine. Due to the high temperature at which the drawing process takes place, some
of the packing material is partially incorporated on the walls of the tubing. A "loose"43
packing structure obtained is responsible for the intermediate values of flow resistance
parameter:((DOT>drawn columns>packed columns) [2].Subsequent treatment of the loose
packing with derivatizing agents provides chemically bonded phases with sample
capacities much higher that those encountered in OT chromatography [2, 30]. The use
of this type of colunm is limited by the technical skills required to manufacture them
and by the fact that uncoated glass capillaries are extremely fragile. The advent of
fused silica capillary tubing [60] with its polyimide coating, a smooth, inert surface
and increased flexibility eliminated the use of glass capillaries.
1.6.5. Immobilized packed beds
Despite the numerous advantages associated with packed columns,frit
fabrication has a critical impact on column performance. As mentioned previously, the
frit is a porous plug attached to the walls of the capillary; the frit allows the solvent to
pass through and retains the particles, which stack to form a packed bed. The most
commonly employed procedure for fit fabrication consists of sintering a portion of
the packing material in place by heating [36-3 8, 61]. The frit must be firmly anchored
to the walls to be able to withstand the high pressure used during the packing
procedure; at the same time it calls for good permeability, negligible and reproducible
back pressure. In spite of numerous efforts, frit fabrication is not reproducible and
generates frits with surfaces prone to non-specific interactions; more importantly, the
removal of the polyimide coating renders columns extremely fragile at the location of
the frit.It has been shown that the formation of bubbles in CEC has also been44
attributed to fit fabrication [62]. Bubble formation can be minimized by using
columns with highly permeable frits, well-degassed solvents, working at reduced
temperatures and applying pressure at both ends of the capillary during use.
A novel column design initially developed for CEC involves a continuous
highly cross-linked porous matrix that can immobilize the packing material and hold it
in place rendering fits superfluous [63-67]. Since the entire bed is fixed, the problem
of destroying the column due to the loss of a fit is avoided. Additionally, entrapping
of the particles prevents void formation during use, a frequent problem which occurs
after prolonged column operation both in CEC and micro LC. The lack of bubble
formation adds one more reason to employ this rugged column design. Most notably,
the chromatographic behavior of the entrapped columns is essentially identical to that
observed for conventional, non-entrapped packed capillaries:similar retention
capabilities, sample capacity and very high efficiencies can be obtained with this new
type of rugged column.
Entrapment can be achieved employing sol-gel technology [63-66] or porous
organic-based polymers [67]. The core of the research presented in this thesis consists
of developing, optimizing and characterizing entrapment procedures and matrices.
More detailed descriptions of the evolution of various packed bed immobilization
techniques employed in the last few years with their advantages and limitations are
presented in the introductory sections of Chapters 2 5.45
2. SILICATE ENTRAPPED COLUMNS: WATER GLASS NANOGLUES
Reproduced with permission from Chirica, G.C., Remcho, V.T. Electrophoresis, 1999,
20, 50-56. Copyright 1999, Wiley-VCH Verlag, GmbH.
2.1. Introduction
A recentpanel review publishedin LC-GC [68]indicatedthat major
instrumentation shortcomings in CEC include sample introduction, gradient elution
and detection. CEC columns introduce further limitations: air bubbles, colunm
fragility, column-to-column reproducibility and a limited selection of suitable packing
materials. These limitations must be overcome if CEC is to find a successful niche if
not become a routine separation technique.
In attempts to improve CEC column design, numerous studies have proposed
the use of fritless columns in the monolithic format [46-56]. Continuous rods of
porous polymers with various functional groups able to provide somedegree of
selectivity have been prepared inside capillary columns; however, it is difficult to
synthesize in situ a sorbent offering the range of particle/pore size distribution. variety
of surface chemistries and surface homogeneities typical of that obtained in the more
controllable environment of a beaker.
This study addresses column fragility by proposing another type of fritless
column, a silicate entrapped column, which employs commercially available packing
material packed in a fused silica capillary and subsequently entrapped in a silicate46
matrix. This approach intends, to the extent that is possible in CEC, to begin to
decouple bulk transport from separative transport, allowing further optimization of
each component of the chromatographic experiment.
2.2. Materials and Methods
2.2.1. Reagents
The mobile phase used throughout this study was a solution of 80%
acetonitrile (HPLC grade, Aldrich Chemical Co., Milwaukee, WI, USA) and 20%
acetate buffer pH 3.0, 0.1M. The analytes to be separated were polyaromatic
hydrocarbons (PAH): naphthalene, phenanthrene, fluorene and anthracene (all from
Sigma Chemical Co., St. Louis, MO, USA) and acetone (HPLC grade, Aldrich) as an
electroosmotic flow velocity marker. The concentration of each of the PAHs was
about 0.1 mg/mi of mobile phase.
The solution of the D and L isomers of dansyl phenylalanine (0.2 mg/mi of
each isomer) was prepared using reagents purchased from Sigma. Kasil 2130 (PQ
Corporation, Valley Forge, PA, USA) potassium silicate (wt. ratio Si02 /K20 = 2.10,
solids 30%) and Kasil 1 potassium silicate were used for the preparation of the
entrapment mixture and inlet frit respectively. The cation exchange resin, AG 50WX4
(H form), was purchased from Biorad (Hercules, CA, USA).47
2.2.2. Materials
The polyimide coated fused silica tubing of 75 p.m I.D. and 350 p.m O.D. was
obtained from Polymicro Technologies, Inc. (Phoenix, AZ, USA). Macherey-Nagel
Nucleosil silica based particles with 1000Apore size and 10 p.m diameter, procured
from MetaChem Technologies Inc. (Torrance, CA, USA) were used to prepare the fit.
In this study, silica-based reverse-phase packing material of 5 p.m diameter (Nucleosil
C18) purchased from MetaChem was used to produce packed beds of 25 cm effective
length.Dr. N. Snow and Mr. T. O'Brien (Seton Hall University, South Orange, NJ,
USA) kindly provided the molecular imprinted polymeric (MIP) packing designed for
the HPLC separation of D- and L-dansyl phenylalanine.
2.2.3. Instrumentation
The apparatus used to perform the separations included a Hewlett-Packard
Hp31CE instrument modified such that pressures of up to 12 bar can be applied to the
inlet and outlet vials to avoid air bubble formation during runs. The temperature of the
cassette was held at 20° C. After packing andlor entrapping, the columns were
conditioned in the instrument for 60 minutes by applying 9 bar at both vials. The
capillaries were subsequently held at 30 kV, and 9 bar was applied at both ends of the
column for about 30 mmuntil the current became stable. Electrokinetic injection (10
kV for 10 s) was used for sampling the analytes. On-colunm UV detection at 254 nm
was performed on the open tubular part of the colunm, which wasabout 9 cm long forall the columns used (entrapped and non-entrapped); the detection window was
situated next to the end of the packed bed.
2.2.4. Columns
The first step in the manufacture of packed capillaries is the production of a
retaining frit. Several recipes found in the literature were evaluated in the early stages
of this study [61, 69]. In many instances these methods require a long time for mixing
and drying of the fit material. It is also often difficult to obtain a homogeneous paste
inside the capillary and, most importantly, the resulting frit often generates high
backpressures that preclude good packing. The paste ultimately used to prepare the
inlet frits was obtained by mixing 20 p.1 Kasil 1 and 0.03 g Nucleosil Si packing (1000
Apore size, 10 p.m diameter). Column blanks cut to the desiredlength were then
introduced as a bundle about 5 mm into the viscous mixture. Due to capillary action
the liquid rose inside the tubing. Using an arc fusion splicer (Fujikura FSM 05S, Alcoa
Fujikura Ltd., Duncan, SC, USA) the fits were sintered and subsequently cut to about
2 mm length and the columns were ready to be packed. For capillary packing a slurry-
packing procedure, which is described elsewhere, was used [70]. Since the frits are
resistant to high pressures (400 psi) yet highly porous, the packing of a 10 cm long bed
requires less than 2 mm. Further sintering of the packing (if it is silica based) with the
fusion splicer in the vicinity of the initial fit with the subsequent removal of the
original fit, yields a new stable frit. The resulting column has similar packing density
throughout its entire length. Once the packed bed grew to a length of30 cm, anoutlet frit was made using the fusion splicer at a point about 25 cm from the inlet frit.
The capillary was then flushed with solvent until the excess packing adjacent to the
new outlet fit was removed. The polyimide coating was removed close to the outlet
frit (again using the fusion splicer) to obtain a detection window.
To makeentrappedreverse-phase colunms, 2 ml Kasil 2130 diluted with 4 ml
distilled, deionized water were passed through a bed of cation exchange resin in the
hydrogen form in order to adjust the pH to about 6.0. Another solution consisting of 1
ml Kasil 2130 and 2 ml water was used to entrap the MIP columns. The apparatus
previously used for packing was then used for flushing the entrapment mixture
through the column, which consisted of a capillary containing an inlet fit made as
described above and a packed bed of reverse-phase sorbent. About 1 ml of the
entrapment mixture was introduced into a slurry reservoir connected to a syringe
pump and the packed capillary. The colunm was subsequently heated gradually from
40 to 160°C over a period of several days. The inlet frit retained the packing material
during the entrapment procedure and was subsequently removed. In the final step the
colunm was cured by flushing it with dilute ammonium hydroxide (0.1M) for 2 hours
followed by drying in an oven at 160°C. Figure 2.1 is an SEM image of a typical
entrapped reverse-phase colunm.50
Figure 2.1. SEM of water glass entrapped columns. Column:75iim ID,
Nucleosil Cl 8 particles of5im diameter. A small amount of silica (irregularly shaped
fragments in this image) deposited in the entrapment procedure is responsible for
sorbent immobilization. Under typical working conditions (30 kV; 9 bar applied at
both vials) the entrapped column behaves essentially like a monolith.51
2.3. Results
The chromatograms in Figure 2.2 present the best separations achieved with a
non-entrapped column (out of 7 columns, about 25 runs total) versus a typical
entrapped column. The analytes and their corresponding reduced plate heights are
indicated. Both separations were performed at 30kV, 20°C using the same mobile
phase (80% acetonitrile, 20% acetate buffer 0.IM pH 3.0). Aside from the
improvement in efficiency, the elution of the last retained peak is twice as fast;
however, phenanthrene and anthracene, baseline separated on the non-entrapped
column, are no longer resolved by the entrapped column. A run performed at a lower
applied potential still did not produce a separation of anthracene and phenanthrene,
and the efficiency was reduced.
A certain degree of occlusion of the pores of the packing material with the
entrapment solution, and hydrolysis or masking of the chemically bonded stationary
phase during the entrapment procedure (which includes the ammonium hydroxide
rinse), is likely to be responsible for the observed loss in selectivity. These side effects
also contribute to the decrease in capacity factor observed for the entrapped column as
indicated in Figure 2.3. The decrease in capacity factors is responsible for the reduced
analysis time.0
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Figure 2.2. Separations of a mixture of PAHs by CEC. (a) Non-entrapped and
(b) entrapped columns of75im ID,5p.m Nucleosil ODS. Conditions: mobile phase:
80% acetonitrile, 20% 100mM acetate buffer (pH 3.0); applied voltage 30 kV; UV
detection at 254 nm.53
Figure 2.3. Comparison of capacity factors. k were calculated for naphthalene,
fluorene, phenanthrene and anthracene in the entrapped versus non-entrapped reverse-
phase packed capillaries.
The use of silica as entrapment matrix seems also to cause the analytes to
exhibit slight peak tailing as might be expected in the presence of free silanol groups.
However, the tailing was not considered to be significant; efficiency (N) wastherefore
calculated using the equation 2.1:
(2.1)
N=5.54---I
w1)
wheretRis the retention time of each analyte and wy is the peak width at half the
peak height.54
Continuing the comparison of column performance, data were gathered to
assess the variation of the reduced plate height with increasing flow velocity. It was
decided to maintain a constant thickness of the electrical double layer; the mobile
phase composition was therefore held constant. Flow velocity was changed by varying
the applied potential. A set of 4 runs were performed at each of the applied potentials
(10, 15, 20, 25 and 30 kV) and the reduced plate heights achieved for acetone,
naphthalene and phenanthrene, with the corresponding error bars (±1standard
deviation), are represented in Figure 2.4.
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Figure 2.4. Variation of reduced plate height with EOF velocity in water glass
entrapped columns. Data was obtained by applying 10, 15, 20, 25 and 30 kV (4 runs
each), which resulted in a corresponding increase of the electrosmotic flow velocity.
The error bars represent ±1 standard deviation of the reduced plate height calculated at
corresponding applied potentials. Column: 75 tm ID,Leff= 17 cm, d = 5 jim.55
A major limitation of CEC when compared to HPLC is the reduced number of
stationary phases suitable for CEC versus the overwhelming variety of packing
materials already available for conventional liquid phase separations.Silicate
entrapment offers an alternative enabling the use in CEC of packing materials that
might ordinarily be more appropriate to HPLC, since the silicate matrix provides the
ionizable groups required to sustain electrosmotic flow. Certainly, this solution can be
applied only to analytes that do not interact adversely with silica and whose elution is
not affected by the smaller available interstitial / interparticle space.
Recently, much effort toward the synthesis and use of stationary phases based
on molecular imprint polymers in the open-tubular, packed andmonolithic formats
have been documented [43, 71]. Using a packing material produced at Seton Hall
University by bulk polymerization of an L-dansyl phenylalanine imprinted polymer,
followed by grinding and sieving, we have packed and entrapped a column as
described previously. The CEC separation is both faster and more efficient than the
corresponding HPLC analysis as indicated in Figure 2.5.
The entrapped columns do not require frits; thus, accidental or deliberate
cutting of the capillary does not result in destruction of the column and in fact can be
beneficial in extending the useful lifetime of a column used with "dirty" samples. The
"extended path length" flow cells recently commercialized by Agilent Technologies
can be used with these columns, and columns may also be coupledwith plastic tubing
sleeves to open tubular capillary segments.mAU
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Figure 2.5. Chiral separations on entrapped and non-entrapped MIP.
D- and L-dansyl-phenylalanine were separated on an L-dansyl-phenylalanine
imprinted polymer stationary phase:
a) silicate entrapped CEC column; ID=75 tm, L0=25 cm, Leff=17 cm, applied
potential 30kV, electrokinetic injection 10 kV for 10 s, UV detection at 280 nm,
mobile phase 80/20 acetonitrile/100 mM acetate buffer (pH 3.0).
b) HFLC column; 15 cm x 0.46 cm, 1.0 mi/mm flow rate, 2% HOAc in CH3CN, 30
p.L injection, UV detection at 280 nm (Courtesy of Mr. T. O'Brien and Dr. N. Snow,
Seton Hall University).Another interesting observation is that the backpressure build up (during
pressurized flushing) due to the presence of the silicate matrix is not significant. Both
entrapped and non-entrapped dry columns require the same amount of time to be
completely flushed with mobile phase using an external pump. This might be due to
the extremely small amount of silica that is required to hold the particles in place
given that the matrix is extended over the entire length of the column.
2.4. Discussion
At this point results are presented and possible causes for the improvements in
efficiency and analysis time noted for the entrapped columns are assessed. Further
studies will be oriented towards detailed analysis of the effect of entrapment on each
term of the HETP equation in an attempt to quantif' contributions to zone broadening
in silicate entrapped columns.
Equation 2.2 describes electrosmotic flow velocity in CEC (ueor):
SoSr. a (2.2)
Ueof-
77 K77
Electroosmotic flow velocityisproportional to the zeta potential (), hence
proportional with the charge density at the surface of shear (a). In equation 2.2, r is
the viscosity of the eluent and1/K=,the thickness of the electrical double layer(Kis
the Debye-HUckel parameter), constant in our experiments since the temperature and
electrolyte composition and concentration were not changed. Thus, the ratio of the58
electroosmotic flow velocity in the entrapped column versus the non-entrapped
column equals the ratio of mean zeta potentials of the entrapped column versus the
non-entrapped column (equation 2.3):
Ueof entrapped entrapped aentrapped
U non entrappedanon entrapped
(2.3)
eof non entrapped
In order to evaluate the change in surface charge density () arising from
column entrapment, both entrapped and non-entrapped reverse-phase columns were
run at the same applied potential using the same mobile phase. The dataobtained
somewhat unexpectedly indicated that the surface charge density in the entrapped
column is almost equal to that of the non-entrapped column (ontrapped = 1.08 anon
entrapped). The observations of entrapped columns achieved via scanning electron
microscopy revealed tiny disparate pieces of silicate which adhere to and retain the
porous packing material, rather than a highly porous silicate monolith asmight have
been expected. This in turn suggests that only a modest contribution to surface charge
density arises directly from the silicate entrapped matrix for the reverse-phase
entrapped columns.
A similar comparison could not be made for the MIP columns since without
entrapment there are an insufficient number of ionizable groups to sustain appreciable
electrosmotic flow. In addition, the entrapment mixture used for MIP columns was far
more concentrated than that used for the reverse-phasecolumns.59
The plate height equation for liquid chromatography proposed by Horvath [72-
73] and adapted for CEC by Dittmann and Rozing [36] assumes independent
contributions of each of the following terms to zone broadening:
H = Had + HeddydUf + Hediff + Hd + H,d + Hkjfl (2.4)
whereHa,dj,cis the plate height contribution arising from static diffusion in the axial
direction;He&Jy,dtaccounts for the eddy diffusion contribution to plate height;He,d
describes the contribution to plate height of the resistance of analyte diffusion in the
stationary phase;H1,daccounts for intraparticle diffusion;Ht,ddescribes the
contribution of transchannel mass transfer; andHkIis the plate height contribution of
the kinetics of solute-stationary phase interaction. For a fixed flow velocity the
approximate values for the reduced plate height are given in Table 2.1.
The largest improvement in plate height (entrapped versus non-entrapped) is
realized for the non-retained flow marker acetone (Ah = 1.4; a 42% reduction), while
for the retained analytes the reduced plate height improvement is not as significant.
This could indicate that the maj or decrease in plate height is due to minimization of
dispersive terms in the rate equation. A possible explanation considers the fact that
during entrapment the interparticle channel diameters become smaller than in the non-
entrapped column; hence, the eddy diffusion and transchannel diffusion terms are
reduced for the entrapped colunm.Table 2.1. Mean of reduced plate height (h) for compounds separated at the
same flow velocity (0.68 mmls) using the entrapped andnon-entrapped reverse-phase
columns.
Analyte hnonentrapped columnhentrapped column Plate height
enhancement (%)
acetone 3.3 1.9 42%
naphthalene 2.3 1.5 35%
fluorene 2.0 1.6 20%
phenanthrene 1.9 1.2 37%
anthracene 2.0 1.5 25%
Another aspect that should be considered is the fact that the different EOF
velocities in the packed beds render inconsistencies in the amount of sample injected
electrokinetically in the entrapped versus non-entrapped columns, hence variable peak
widths. The unretained compound, i.e. acetone, is most sensitive to such effects, thus
the use of acetone as a comparison factor might introduce additional errors. It is
unlikely, however, that these features would result in the marked efficiency
enhancement achieved in these studies. Another characteristic of the entrapped column
is the fact that a more homogeneous surface charge distribution drives the radial
variability in the electric field to zero. This should diminish the term accounting for
static diffusion in the radial direction, further decreasing the plate height. As stated
earlier, it is also possible that the silicate entrapment process denies analytes access to
a fraction of the pores, decreasing the intraparticlediffusion. A concomitant reductionin the capacity factors of the retained analytes illustrated in Figure 2.3, perhaps arising
from masking or hydrolysis of the stationary phase, further decreases the plate height
contributions of stationary phase film resistance to diffusion(He,d')and intraparticle
diffusion(H1,d.Primarily, however, the reduction in k decreases to an appreciable
extent the contribution of the kinetics of the analyte-stationary phase interaction(Hkj),
given thatHkisproportional to k2/(l+k). We suspect there are two mechanisms
through which the mass transfer contribution to plate height is diminished in silicate
entrapped columns: first, a reduced mass of stationary phase is made available to the
analytes, and second an enhancement in mass transfer due to the presence of free
silanols in the silica matrix. However, at present no quantitative data are available to
support these hypotheses.
2.5. Conclusion
Silicate entrapment results in a new type of CEC colunm that takes better
advantage of the opportunities offered by this separation technique. The analysis time
is halved, the efficiencies are slightly increased, and the mechanical robustness of the
capillary is significantly improved.
Further research is oriented towards preserving the selectivity of the packing
material and tailoring the pore sizes of the silica network by varying the composition
of the entrapment mixture.62
3. SILICATE ENTRAPPED COLUMNS: ALKYLTRIETHOXYSILANE NANOGLUES
Reproduced with permission from Chirica, G.C., Remcho, V.T.Electrophoresis, 2000,
21, 3093. Copyright 2000, Wiley -VGH Verlag, GmbH.
3.1. Introduction
Aside from the technical challenges brought about by miniaturization,
properties intrinsic to CEC open doors to innovation. One of the attributes that makes
CEC a unique chromatographic technique is the independence of flow velocity on the
particle size for a given applied field strength, which circumvents the pressure limit
constraints of HPLC. This feature allows for use of longer columns and smaller
diameter packing materials, while the lack of backpressure translates to increased
packed bed stability. As a result, more fragile sorbents can be used and the task of
manufacturing fritless columns is made easier in CEC than micro LC.
Column fragility and fabrication complexity are obstacles that prevent routine
use of CEC. The typical CEC column isa packed capillary in which the
chromatographic bed, packed as a slurry, is confined between two frits. These
retaining fits are made of porous silica-based sorbents and/or silica gel fixed onto the
walls of the capillary by sintering. The heat generated during this process removes the
protective polyimide coating of the fused silica column blank, rendering fragile
columns, and evaporates the packing solvent, often generating voids in the packed bed
neighboring the fits. In addition, the decomposition of the stationary phase during
sintering of the outlet fit extends the mechanical non-uniformity of the packed bed to63
surface chemistry non-uniformity. Frit fabrication is not a reproducible process, which
in turn delivers columns with non-reproducible performance characteristics. A
problem often encountered in CEC with conventional packed capillaries is the
occurrence of gas bubbles, which disrupt EOF. Toavoid disruption of electroosmotic
flow, gas pressure is applied at both ends of the column. However, prolonged
pressurization can generate voids in the packed bed.
A viable alternative to packed capillary CEC has been offered by "fritless"
colunms - monolithic sorbent rods, retained within the walls of fused silica capillaries.
Two main approaches have been employed in the synthesis of such chromatographic
beds that do not require frits. The first approach employs the in-situ synthesisin a
chromatographic colunm of silica [54-56, 74-75] or organic [46-52, 76-77] based
polymeric media. Both types of chromatographic media were first employed in HPLC
separations [74-77] and the technology was transferred to the capillary format [46-52,
54-56] for micro LC and CEC. Svec et. al. designed methacrylate-based monoliths and
conducted a thorough study on the effect of porosity and surface chemistry on their
remarkable chromatographic performance [50-52]. However, these polymers need
further development in order to approach the wide spectrum of chemistries offeredby
currently available silica-based sorbents. Another type of porous monolith was
prepared in-situ by hydrolytic polycondensation of tetramethoxysilane in the presence
of water-soluble organic polymers [56, 75]. Subsequent octadecylation of the silica
network provided a stationary phase suited for reversed-phase liquid chromatography.
However, stepping from the well-known manufacturing technology of the silica beads
to the synthesis of silica rods requires more than just anadjustment in scale. At the64
moment, silica-based monoliths that are free of cracks and homogeneous throughout
the length of the colunm cannot be obtained reproducibly.
Recently, a new generation of fritless columns that incorporate conventional
HPLC packing materials immobilized within fused silica capillaries has been
developed. Thefirstconventional sorbent based monoliths were realized by
immobilizing a tightly packed bed inside a silicate matrix produced by the
polycondensation of a solution of water-glass (potassium silicate) [63]. Performance
similar to that achievable with "classic" packed capillary columns was achieved, but
column-to-colunm reproducibility suffered. Another approach for immobilizing the
packed bed involves sintering octadecyl-silica (ODS) sorbents using high temperatures
[78] or the intrinsic property of surface silanol reactions which form agglomerates if
the external conditions (temperature, pH) are favorable [79]. Particle sintering is a
rather harsh treatment and regeneration of the stationary phase is required. However,
the micro LC separation achieved with a sintered column [79] demonstrated that
colunm permeability similar to that of a conventional packed colunm could be
attained. Fritless columns were manufactured through a one-step procedure [65] by
packing a slurry of sorbent material and silica sol. The presence of particles in the gel
during the aging and drying process reduces, to a certain extent, cracking and
shrinking of the glass matrix, the main problems encountered with earlier methods
employed in production of porous glass chromatographic media from silica-sols. Lee
et.al. [66] perfected the characteristics of the porous silica matrix by employing
supercritical CO2 drying step of the sol-gel. The resulting matrix is a crack-free, 90%
porous network, which delivers columns with performance characteristics similar to65
thoseofconventionalpackedcapillariesandimprovedcolumn-to-column
reproducibility.
In this study we employ a different facet of sol-gel chemistry: the use of silica-
sol as a "nanoglue"[80]. The result is a simple procedure that requires a pump, an oven
and a solvent rinsing kit to produce fritless columns with excellent chromatographic
performance. A comparison between separation performance of entrapped and non-
entrapped columns, as well as columns entrapped with different compositions, is
presented.
3.2. Materials and Methods
3.2.1. Reagents andmaterials
Tetraethoxysilane (TEOS), n-octyl-triethoxysilane, tert-butyl triethoxysilane
and ethanol were purchased form Aldrich Chemical Co. (Milwaukee, WI, USA). The
analytes (methyl-paraben, propyl-paraben, butyl-paraben, naphthalene, phenanthrene,
fluorene, anthracene and chrysene), acetone, thiourea and tris(hydroxymethyl)-
aminomethane (TRIS) were purchased form Sigma Chemical Co.(St. Louis, MO,
USA).
The buffers used in this study, TRIS and sodium acetate, were prepared using
deionized water; the pH was adjusted with acetic acid and sodium hydroxide,
respectively, and measured in the aqueous phase before mixing. Mobile phases were
prepared by diluting the specified volume of buffer with acetonitrile (HPLC grade)purchased from Mallinckrodt (St. Louis, MO, USA). Solutions of analytes were
prepared in the mobile phase at a concentration of 0.1 mg/mi.
Nucleosil Cl 8 (Macherey-Nagel, Düren, Germany), a silica-based reversed
phase packing material of 5 tm diameter, was packed in fused silica tubing of 75 i.m
inner diameter (I.D.) and 350 p.m outer diameter (O.D.) purchased from Polymicro
Technologies (Phoenix, AZ, USA).
3.2.2. Instrumentation
Electrochromatographic and micro liquid chromatographic separations were
conducted using an Agilent TechnologiesHP3DCE instrument (Waldbronn, Germany)
provided with external pressurization capabilities. Agilent Technologies ChemStation
software was employed in data acquisition and processing. An Isco 100 DX syringe
pump (Isco Inc., Lincoln, NE, USA) was employed in colunm manufacture.The inline
filter and the cartridge guard column holder used for column packing were purchased
from Upchurch Scientific (Oak Harbor, WA, USA). An arc fusion splicer (Fujikura
FSM 05S, Alcoa Fujikura, Duncan, SC, USA) was used to obtain the fits and bum the
polyimide coating to render the detection window. The entrapment set-up, consisting
of a typical solvent rinsing kit and a glass sleeve vessel, is described elsewhere [42].67
3.2.3. Packing the columns
Capillaries of75p.m ID were packed using a method slightly modified from
that described by Boughtflower et.al. [61]. A schematic of the capillary packing
procedure is presented in Figure 3.1.
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Figure 3.1. Schematic representation of the packing procedure. 1) Mount the
capillary in the guard column cartridge holder filled with slurry of packing material
and solvent at one end and the inline filter at the other end; 2) force the slurry into the
column upon application of pressure; 3) prepare the outlet frit, while continuing
packing; 4) prepare the inlet frit, while the packed bed is still pressurized and5)
remove the inline filter and wait until excesspacking is flushed out to prepare the
detection window.A 40-cm length of fused silica capillary was mounted at one end into an inline
filter provided with a metal fit, and at the other end into a cartridge guard column
holder that served as a packing reservoir. A slurry of 15 mg ODS Nucleosil particles
and imi of a 50% acetonitrile 50% water solution was sonicated for 5 mmand
subsequently transferred into the column holder. To this a small magnetic bar was
added and the packing reservoir was placed on a magnetic stirrer to ensure uniform
packing. The slurry was introduced into the column using 50% acetonitrile and 50%
water as a displacement liquid at an initial applied pressure of 500 psi. The column
packing process was observed under a microscope and the pressure was gradually
increased to ensure an essentially constant packing velocity. When the packed bed was
5 cm long (applied pressure around 3000 psi) a frit, which would serve as a temporary
outlet frit, was produced by sintering the silica-based particles with the fusion splicer.
During packing thecapillary was continuously sonicatedtoensure atight,
homogeneous packed bed while the pressure was further increased to 8,000 psi. When
the packed portion of the capillary was about 25 cm long the second temporary fit
(the inlet frit) was prepared in the same manner. After preparing both frits, the inline
filter was removed and the excess packing was subsequently flushed out. Next, the
pressure was allowed to bleed to zero; this required approximately 15 mm.To this
point, both entrapped and non-entrapped columns were prepared identically. On the
non-entrapped columns, used as a reference, an on-column detection window was then
prepared by removing 2 mm of polyimide coating close to the outlet fit using an
Exacto knife or the fusion splicer. Columns that were subsequently entrapped (using
the procedure described in section 3.2.4 below) required frits only during theimmobilization procedure. Once the nanoglue cured, the fits were removed and the
monolith, i.e. the column, was cut to the desired length. A short piece of fused silica
tubing (9 12 cm) with the polyimide coating removed for 2 mm was coupled to the
monolith using a Teflon sleeve union to provide the detection window.
3.2.4. Column entrapment
Once packed, flushing the dried packed capillary with the nanoglue solution
and subsequent curing of the colunm in an oven resulted in sorbent immobilization. A
mixture of TEOS, tert-butyltriethoxysilane or n-octyltriethoxysilane, ethanol and
acetic acid (see Table 3.1 for details) was transferred into the 4 mm diameter vial,
which was subsequently introduced into the solvent rinsing kit. The capillary was
insertedintotheentrapment solution and upon application of gas pressure
(approximately 200 psi) the silica-sol advanced in the capillary. In dried columns it
was very easy to observe, with the naked eye, the advancementof the liquid inside the
capillary. Dry columns ensured that no dilution of the entrapment mixture occurred.
Gentle drying (at room temperature) before entrapment was found to prevent packing
movement. Before placing the column filled with entrapment mixture in the oven,
low-pressure nitrogen was passed through the column for 2-5 minutes. Finally, the
columns were cured at 80°C for 24 hours and 100°C for another 48 hours.
Polymerization rendered an immobilized chromatographic bed, such that the frits
could be removed and the column cut to any desired length.70
3.2.5. CEC operation
After packing and/or particle immobilization, the columns were flushed with
mobile phase for about 1 h and further conditioned by applying 10 kV and 8 bar
(pressure applied equally at both vials) until a stable current was recorded. The sample
was introduced using an electrokinetic injection (3 kV for 3 sec)and detection was
performed at 254 nm. Separations were obtained by applying voltages in the range of
5 to 30 kV. To avoid bubble formation while running conventional packed columns,
pressure was applied at both the inlet and outlet vials. Nopressurization was needed
during the operation of entrapped columns. Temperature of the cartridge was set at
25°C.
3.3. Results and Discussion
A perusal of articles describing immobilization or "entrapment" procedures
reveals the critical issues in reproducible manufacturing of high quality columns: (i)
homogeneity of the initial chromatographic bed, (ii) the amount and structure of the
silica entrapment matrix, including porosity and surface chemistry, and (iii) the
interaction between the sorbent and immobilization solution.
The entrapment procedure described here commences from a high-pressure
packed bed stabilized by two frits; therefore, the distribution of packing material
throughout the entire length of the bed is comparatively uniform. What remains is to
ensure that the immobilization matrix is alsouniformly distributed, and free of cracks71
Figure 3.2. SEM of silicate entrapped columns. Cross-sections of a column
packed with Nucleosil ODS particles of 5im diameter, entrapped with mixture 0 (see
Table 3.1 for detailed description). A small amount of silica (irregularly shaped
fragments in this image) deposited in the entrapment procedure is responsible for the
immobilization of the packed bed.72
and voids. Entrapped columns were cut at various lengths and the chromatographic
bed was observed using a scanning electron microscope (SEM).
The SEM images show a uniform and stable bed (no particle movement during
sputter-coating or upon application of high voltage during imaging) throughout the
entire column length. In the process of gelling and drying the immobilization matrix,
the surface tension localizes the silica-sol at the interparticle boundaries. Upon drying,
the silica acts essentially like a glue linking two or three adjacent particles together. As
can be observed in Figure 3.2, only a small fraction of the sorbentsurface is in contact
with the immobilizing silica and the remaining surface appears to be unaffected by the
entrapment process. This is a result of the fact that only a small amount of silica is
used in this procedure and the interaction time between the silica-sol and the sorbent
before gelation and aging is minimized [80-81].
The goal of this project was to develop an entrapment method by which the
sorbent particles would be immobilized with minimal disruption of the structure and
chromatographic behavior of the packed bed. Therefore, various mixtures of TEOS,
ethanol, water and acid catalyst were prepared (compositions noted A through G
described in Table 3.1). The mechanical stability of the immobilized bed was tested
after removal of the temporary fits by applying a pressure of 300 psi. If the bed was
stable, the solution was further diluted with water and/or ethanol to minimize the
amount of silica to be added, and a new column was prepared. Entrapment with
mixture G (described in detail in Table 3.1) provided a stable bed while demonstrating
the best chromatographic performance. Representative chromatograms of aromatic
hydrocarbons obtained with the same colunm prior to the entrapment and entrapped73
with solution G are depicted in Figure 3.3 (a) and 3.3 (b), respectively. The separation
on the entrapped column is achieved in a slightly reducedperiod of time ostensibly
due to the excess of silanol groups introduced by the matrix. More notably, the
selectivity of the stationary phase is diminished, probably due to the occlusion of
pores in the packing material with nanoglue and/or partialhydrolysis or coverage of
Table3.1.Descriptionofsilicateentrapmentmixtures.Entrapment
compositions that provided the best chromatographic performance for a given
combination {TEOS + RTEOS} are shaded in gray.
Entrapment
mixture
Alkyl
radical R
{TEOS+RTEOS}
[ml]
TEOS
[ml]
EtOH
[ml]
AcOH 0.0 iN
[ml]
A - 0.30 0.30 1.0 0.30
B - 0.25 0.25 0.75 0.50
C - 0.12 0.12 0.50 0.25
D - 0.50 0.50 1.30 0.73
E - 0.50 0.50 1.30 0.55
G - 0.25:- 0i5 1.00 0.25
H n-Octyl 0.15 0.1 0.70 0.13
I n-Octyl 0.48 0.28 0.85 0.30
J n-Octyl 0.42 0.20 0.70 0.30
K tert-Butyl 0.45 0.30 0.60 0.13
L tert-Butyl 0.28 0.20 1.40 0.25
M tert-Butyl 0.28 0.20 0.80 0.25
N tert-Butyl 0.42 0.25 0.86 0.30
0 terr-Butyl 0.44 0.28 0.84 0.2774
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Figure 3.3. CEC separations on silicate entrapped columns: (a) non-entrapped
column of 26 cm effective length, (b) the same colunm entrapped with mixture G; (c)
non-entrapped column of 33 cm effective length; (d) column entrapped with mixture J
(Leff = 33 cm) and (e) column entrapped with mixture 0 (Leff = 26 cm).Conditions:
mobile phase: 80% acetonitrile, 20% acetate buffer 10 mM (pH 3.0).75
the bonded phase. Also, the variation of plate number with electroosmotic flow
velocity obtained with this type of entrapment composition indicates separation
efficiencies that are half the typical value for conventional packed capillaries.
Alkyl groups can readily be incorporated into a silica matrix [20] by adding
alkyl-triethoxysilane to the original mixture of TEOS, ethanol and water. In an attempt
to improve on the initial effort, various mixtures that includedoctyl-triethoxysilane
(mixtures noted H through J in Table 3.1) were tested in the fashion described earlier.
The tests converged towards composition J; Figure 3.3 (d) depicts a typical separation
obtained with one of these columns.
A comparison of chromatographic performance of columns entrappedwith
TEOS (Figure 3.3 (b)) and octyl-triethoxysilane (Figure 3.3 (d)) indicates that the
separation of phenanthrene and anthracene is improved. In addition, the separation
achieved on the entrapped column is two fold faster than the corresponding separation
completed on a non-entrapped column of equal effective length (Figure 3.3 (c)). This
particular column was further usedtodemonstrate the advantage of length
customization of fritless columns. The capillary was gradually cut and the reduced
plate height was recorded as the shorter column allowed for higher fieldstrength (at
fixed applied potential), hence a greater electroosmotic flow velocity (Figure 3.4).
These columns can be cut to the optimum length for a given application, thus
providing baseline separation of the analytes of interest in the shortest possible amount
of time.
At this point, however, it was not clear whether the improvement in selectivity
and overall column performance might be due to the added presence of the octyl76
functionality (which could presumably participate in reverse-phase interactions with
the analytes), rather than to an improvement in the structure of the nanoglue in terms
of surface inertness and overall structure. Unfortunately, direct analysis of the
structure of the silica glue was not possible. In the absence of this option, it was
decided to replace the octyl group with a shorter bulkier, tert-butyl functionality
(mixtures noted K through 0 in Table 3.1).
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Figure 3.4. Variation of reduced plate height with EOF velocity. The column
was entrapped with mixture J (see Table 3.1 for detailed description).Different flow
velocities were obtained by cutting the column to shorter lengths. The applied voltage
was 30 kV in all runs, demonstrating highest efficiency for a givenlength of entrapped
bed. Mobile phase 80% acetonitrile, 20% acetate buffer 10 mM (pH 3.0).77
The overall performance of the columns entrapped with the mixture noted 0
(see Table 3.1 for detailed description) was superior to that of the previous entrapment
solutionsas demonstratedinFigure3.3(e).In order toachieve elevated
electroomostic flow velocities, an eluent consisting of 80% acetonitrile and 20 %
TRIS buffer 25 mM (pH 8.0) was employed to promote the ionization of silanol
groups. A significant improvement in separation efficiency wasrecorded for the
columns entrapped with solution 0. Reduced plate heights from 1.6 to 2.1 were
obtained for the optimum flow velocity (Figure 3.5).
[oThiourea ANaphthalene Fluorene
2.
2.0
15
- 1.0
0
-
0.5
0.0I-
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Electroosmotic flow velocity [mm/s]
Figure 3.5 Reduced plate height as a function of EOF velocity. Data was
obtained using a column entrapped with mixture 0 (see Table 3.1 for detailed
description). Conditions: mobile phase 80% acetonitrile, 20% TRIS buffer 25 mM (pH
8.0), effective length 26 cm.a) CEC separation
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Figure 3.6. CEC and micro LC separations on silicate entrapped column.
Entrapment mixture was composition 0 (see Table 3.1 for detailed description). The
CEC separation, chromatogram (a), was achieved by applying 10 kV on a 26-cm-long
packed bed. The micro LC separation, chromatogram (b), was performed on the same
instrument(HP3DCE)by applying 9 bar gas pressure on the inlet vial (Le= 24 cm).
Conditions: mobile phase: 80% acetonitrile, 20% TRIS buffer 25 mM (pH 8.0).Baseline resolution of phenanthrene and anthracene (the critical pair in earlier
entrapment compositions) was achieved, while peak symmetries varied from 0.93 to
1.0 (Figure 3.6 (a)). Cutting the colunm shorter, combined with application of a higher
voltage (30 kV) allowed for rapid separation of the nine analytes; all (other than
phenanthrene and anthracene) baseline resolved in less than 5 minutes.
In order to compare the performance of the different nanoglues employed in
this study, analyte retention factors (k) were employed as descriptors of the extent to
which entrapment affects separation performance and packed bed structure of a
conventional packed capillary. Therefore, capacity factors for various analytes on
conventional packed capillary and silica sol immobilized columns (under identical
operating conditions) are presented in Table 3.2. A significant improvement relative to
the water-glass "glue" described in a previous paper [63] is demonstrated. Values of k
in the entrapped versus the non-entrapped columns differ increasingly as the analyte
has more time to sample the chromatographic media. For entrapment mixture 0 the
capacity factor of naphthalene is 0.76 versus 0.90 in the non-entrapped column, while
for chrysene k is 2.50 versus 3.71 in the non-entrapped column.
The silica glue 0 provided an improvement in the capacity factors in terms of
their proximity to the value characteristic of the original packing, and also an
improvement in the separation efficiency and peak symmetry. The best separations
provided reduced plate heights of 1.1-1.4. Symmetry factors of 0.90 to 1.03 were
obtained in the CEC and the micro liquid chromatographic (micro LC) separations on
the same column entrapped with mixture 0 (Figure 3.6 (a) and 3.6 (b), respectively).80
Table 3.2. Retention factors (k) for CEC separations on non-entrapped column
and entrapped columns. Conditions: mobile phase 80% acetonitrile 20% acetate buffer
10 mM (pH 3.0); 75 m I.D. capillaries packed with ODS Nucleosil particles of 5 pm
diameter immobilized with the corresponding mixtures.
Entrapment
composition
knaphthalenekfluorenekphenanthrenekanthracenekchrysene
Non-entrapped
colunm
0.90 1.44 1.75 1.93 3.71
Mixture 0 0.76 1.09 1.31 1.42 2.50
MixtureG 0.57 0.87 1.10 1.18 2.18
Mixturef 0.52 0.82 1.02 1.11 2.13
Water-glass [63] 0.28 0.42 0.53 0.56 NA
The fact that high efficiency micro LC separations (reduced plate heights of
2.2-2.6 for the peaks separated in Figure 3.6 (b)) can be obtained with an entrapped
column was rather surprising. A closer look at the immobilized bed provided by the
SEM images (Figure 3.2) indicates that column permeability is not affected by the
presence of the nanoglue.
3.4. Conclusion
The advantages reported for other particle entrapped columns, namely the lack
of fits, length customization, and cessation of bubble formation during runs, were
realized here as well. In addition, the immobilization approach presented in this paper
is easy to implement in any laboratory and delivers a chromatographic medium very81
similar to the original "conventional" packed capillary. As a result, these fritless
columnsofferexcellentchromatographic performanceinboth thecapillary
electrochromatography and micro liquid chromatography formats, and column-to-
column reproducibility is significantly improved.82
4. ORGANIC POLYMER ENTRAPPED COLUMNS
Reproduced with permission from Chirica, G.C., Remcho,V.T. Anal. Chem., 2000,
72, 15, 3605-3610. Copyright 2000, American Chemical Society.
4.1. Introduction
Common designs of capillary columns for micro LC and CEC include packed
and open tubular columns. The latter can display excellent efficiencies butoften
require in situ synthesis of stationary phase bonded to the walls of the capillary, have a
limited sample capacity, and often require long analysis times. Packed columns seem
to be the format of choice for most applications sincethey use currently available
HPLC sorbents, offer good efficiencies (reduced plate heighth= 2 or less for CEC)
and impart significantly larger sample capacity. Unfortunately, theirdesign for the
most part requires the presence of fits to hold the particles inplace. Current fit
fabrication procedures introduceside-effectssuch asnon-specific(secondary)
interactions, increased backpressure during micro LC analyses, gas-bubble formation
during CEC analyses, column-to-colunm reproducibility problems, increasedfragility
of capillaries, and poor column performance due to disruption of the structureof the
separation medium.
As a result, numerous studies have been directed toward thedevelopment of
fritless columns, in both continuous rod [46-56] and immobilized packed bedformat
[63-66], or the design of new types of frits [82], which eliminatethe difficulties
encountered using the widely employed water-glass based frits.83
Monolithic columns, both silica [54-56]- and organic polymer [46-53] based,
have been prepared in situ by pumping a monomeric solution into a capillary column
blank. Upon further treatment, these solutions polymerize to render a continuous
porous polymer. The desired stationary phase composition canbe achieved through
initial incorporation of functional monomers or by further derivatization of the
polymeric rod.
Elaboratedesignof monolithicpoly(butylmethacrylate-co-ethylene
dimethacrylate) columns by Svec et al. [5 0-52] demonstrates that it is possible to tailor
the pore size and, to a certain degree, the surface chemistry of the rods to obtain
remarkable chromatographic performance. However, at least for the moment, their
applications are limited to reverse-phase and size exclusion chromatography.
In 1997 the first two designs of immobilized packed beds for capillary
chromatography were introduced: the entrapment of packed sorbent particles within a
water-glass matrix [63], and cementing in situ silica based reverse phase particles
through a thermal treatment to form a monolithic structure [78]. The irreversible
agglomeration of particles obtained later by Horvath et. at. following a sintering and
subsequent octadecylation procedure, provided columns appropriate for both CEC and
micro LC separations [79]. Another approach is to encapsulate sorbent particles in a
porous sol-gel matrix [65]. This design yielded monolithiccapillaries by simply
loading a suspension of particles and sot-gel precursors into the capillary tubing at low
pressure. Following the path of earlier results withwater-glass entrapment of a tightly
packed bed [63], we used sot-gel chemistry to "glue" sorbent particles together [64].84
The procedure providedstable columns thatpreservethehigh performance
characteristics typical of the classic packed columns in both CEC and micro LC
operation. Similar results were obtained when supercritical carbon dioxide was used to
dry the sot-gel matrix in a thorough study conducted by Lee et. al. [66].
Not surprisingly, however, the surface of the silica based entrapment matrices
renders separation media prone to nonspecific adsorptive interactions.
To our knowledge, this paper reports the first effort to immobilize reversed
phase sorbents within the walls of fused silica capillary tubes using an organic based
entrapment matrix. Our goal was to develop an immobilization procedure that would
have a minimal effect on the chromatographic performance of the starting separation
media, while at the same time yielding a stable fritless packed column.
4.2. Experimental Section
4.2.1. Chemicals and materials
Butyl methacrylate (BMA), methyl methacrylate (MMA), ethyl methacrylate
(EMA), ethylene dimethacrylate (EDMA), 2-acrylamido-2-methyl- 1 -propanesulfonic
acid (AMPS) and 2,2'-azobisisobutyronitrile (AIBN) were purchased from Aldrich
Chemical Co. (Milwaukee, WI, USA) and used as received. All analyte compounds
and tris(hydroxymethyl)-aminomethane (TRIS) used for buffer preparation were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).85
The solvents employed in the CEC and micro LC runs were HPLC grade and
were purchased from Fisher Scientific (Pittsburgh, PA, USA) orMallinckrodt (St.
Louis, MO, USA).
Fused silica tubing of 75 jm and 250 tm ID with 375 .tm OD was purchased
from Polymicro Technologies (Phoenix, AZ, USA). Capillaries cut to a total length of
35 cm were filled with packing material as described herein. The reversed phase
sorbent, Nucleosil (MachereyNagel, Düren, Germany) Cl 8 5tm diameter was
purchased from MetaChem Technologies (Torrance, CA, USA).
Temporary fits were prepared by tapping one end of the capillaries in a paste
of silica-based particles (1000Apore size,10 p.m diameter) purchased from
MetaChem, and potassium silicate solution (Kasil #1; PQ Corp., Valley Forge, PA,
USA).
4.2.2. Instrumentation
All CEC runs were performed on a Agilent TechnologiesHP3D CE
(Waldbronn, Germany) instrument. The instrument is modified such that pressures up
to 12 bar can be applied to the inlet andlor outlet vials. This feature was used only to
obtain micro LC runs, since during operation the entrapped columns presented no gas
bubblegeneration problems. The cassettetemperature was heldat25°C.
Electrokinetic injection (3 kV for 3 see) was used for sampling the analytes. Data
acquisition and processing were done using Agilent Technologies ChemStation
software.86
The entrapment setup consists of a glass vial of 4 mm diameter placed in a
typical solvent rinsing kit described elsewhere [42]. Detection windows were obtained
using an arc fusion splicer (Fujikura FSM 05S, Alcoa Fujikura, Duncan, SC, USA).
For better coupling, an Agilent Technologies capillary column cutter with rotating
diamond blade was used to obtain clean, straight cuts of fused silica tubing.
4.2.3. Preparation of Entrapped Columns
In view of our goal, i.e. designing an immobilization procedure that would
have minimal negative impact on the chromatographic performance of a typical
packed column, the capillaries were prepared using a standard slurry packing method.
A very porous fit was prepared at the inlet and the slurry made of packing dispersed
in 50% acetonitrile, 50% water was forced into the capillary using a syringe pump.
The pressure was gradually increased from 200 to 6,000 psi. During packing the
chromatographic bed was sonicated for several minutes. When the desired length of
packed bed was achieved, the pump was stopped and the column was slowly
depressurized to ensure minimal movement of the particles.
The entrapment mixture used in this study to immobilize the particles was
prepared using various amounts of methyl-, ethyl-, or butyl- ("R") methacrylate (MA),
along with EDMA and the free radical initiator, AIBN. These were added to a ternary
solvent system consisting of water, 1 -propanol and 1 ,4-butanediol. This system offers
several advantages: it allows for handling the monomeric mixture at room temperature
several hours without initiating the polymerization reaction; it dissolves both the87
hydrophilic AMPS and hydrophobic RMA and EDMA monomers to form a
homogeneous mixture; and, it is readily miscible in the mobile phases employed in
micro LC or CEC separations, allowing for quick column washing and equilibration as
indicated by the efforts of Svec et al. in designing monolithic columns [50-52].
The goal of this procedure was to introduce a minimal amount of polymer that
would ensure particleimmobilization during routine CEC column operation.
Therefore, the proportion of solvents to monomers was varied such that after
polymerization the bed is stable at pressures of about 300 psi. The polymerization
mixture used for entrapment was obtained by dissolving RMA (0- 6 % by weight),
EDMA (5-. 30% by weight), AIBN (2% by weight with respect to monomers) and, in
some cases, AMPS (0.03- 0.12 % by weight), in the ternarysolvent system of water
(7-10% by weight), 1-propanol (0 - 50% by weight) and 1,4-butanediol (30 80% by
weight). The homogeneous mixture was purged with nitrogen for 10 mmto remove
dissolved oxygen, after which part of the mixture was transferred into the 4-mm-
diameter glass vial and placed into the solvent rinsing kit. The remaining liquid was
poured into a vial, which was capped and set in the refrigerator (-1 0°C) for later use.
A dried packed capillary was mounted in the solvent rinsing kit with the
fritless end in the entrapment solution. On application of 50 psi gas pressure, about 10
column volumes of the liquid was forced through the capillary. For a 25-cm-long
capillary packed with 5-nm particles, the flushing step requires about 2 mm. Next, the
column was sealed at both ends and placed in an oven at 60° C for 48 h. After the88
matrix polymerized, the fit was removed and the column was cut to desired length
and coupled to an open tubular piece onto which a detection window was made.
4.3. Results and Discussion
4.3.1. Column preparation
The incidence of voids in the chromatographic bed of a packed colunm is not
infrequent when CEC and micro LC capillary columns are prepared. Voids can alter
peak shape and significantly decrease efficiency. Possible reasons for occurrence of
these defects include poor packing technique (non-homogeneous slurries, problems
with apparatus, etc.) or frequent column pressurization-depressurization cycling in
between CEC runs. Particle immobilization or "entrapment" provides a stable bed that
increases column lifetime and allows length customization. Moreover, in the case of
the presently described columns there is no need for column pressurization during
CEC runs.
Two techniques have been described for immobilized bed column fabrication:
in situ treatment of a pre-packed bed [63-64, 66, 78-79] and particle loading of the
capillary [65]. The latter approach, though a one step procedure, requires that there be
no particle segregation in the loading slurry.This limits the range of ideal
immobilization matrices to those that in the monomeric stage have densities that allow
the formation of a suspension with the sorbent material. In addition, the degree of
matrix shrinkage during polymerization and relatively low packing density of the89
sorbent results in disruptions of the chromatographic bed: cracks, voids or non-
uniform distribution of stationary phase throughout the length of the colunm. A two-
step process, such as the in situ treatment of a consolidated packed bed, offers
increased control over the homogeneity of the packed bed, and ensures a more
uniform dispersal of the immobilization matrix, though it is a more laborious process.
Increased efficiency and improved peak shape can be achieved [63-63, 66] in
exchange for the extra effort. This method also allows for more flexibility in selection
of immobilization matrices. As such, organic- or silica-based polymers can be
employed without concern that alternative compositions of the entrapment solution
might cause it to fall out of the preferred or optimal density domain.
4.3.2. Designing the optimum polymeric mixture
In what follows, we present the chromatographic performance of columns
packed with Nucleosil Cl 8 particles subsequently immobilized in matrices in which
the nature of the monomer or the solvent-to-monomer ratio has been varied. Table 4.1
summarizes the main features of selected entrapment compositions employed in
packed bed immobilization. The nomenclature used for each composition contains one
or two letters designating the initials of the methacrylate monomersused (D for
ethylene dimethacrylate, M for methyl methacrylate, E for ethyl methacrylate and B
for butyl methacrylate), and a figure designating the current number of the trial. Two
to three columns were entrapped with each immobilizing composition. Retention times
varied between columns by less than 5% relative standard deviation.The mixtures based on ethylene dimethacrylate (Table 4.1 lists the composition
which displayed the best characteristics, namely D2) would offer an extremely rigid
support for the particles, which are confined within the walls of silica at pressures up
to 3,000 psi. On the other hand, the retention factors are much smaller those measured
for a non-entrapped column, indicating that, to a certain degree, the accessibility of the
stationary phase is hindered by the entrapment procedure (Figure 4.1). Such results are
similar to those observed with earlier immobilization procedures [63-64], all of which
were silica based. Possible causes in these instancesincluded coverage of the
stationary phase or occlusion of a fraction of the pores in the packing material with the
entrapment polymer, hydrolysis of bonded phase during the bed flushing step when
alkaline entrapment solutions are employed, and loss of bonded phase during the
matrix polymerization step, often a high temperature process (120 360 °C). Some of
these earlier methods necessitate a subsequent post-derivatization step to restore the
carbon content of the stationary phase [79], while others recover part of the active
surface by flushing the colunm with a weakly alkaline solution [63] to dissolve the
excess entrapment matrix. There is a limited range of options as far asminimization of
undesirable surface coverage is concerned. However, replacement of the silica-based
immobilization matrix with an acrylate matrix reduces the stationary phase alteration
that occurs during the immobilization procedure, since the alkaline solutions are
replaced with a mixture that is inert insofar as bonded phase hydrolysis in concerned.
In addition,the organic based matrix requires much lower temperatures for
polymerization (60 °C).Table 4.1. Performance characteristics of immobilized bed columns. Capillaries were packed with 5jim Nucleosil Cl 8
particles. The nomenclature used for each composition contains one or two letters designating the initials of the methacrylate
monomers used (D for ethylene dimethacrylate, M for methyl methacrylate, E for ethyl methacrylate and B for butyl
methacry late) and the current number of the trial.
Entrapment
composition
Solvent
%v
EDMA
%v
Alkyl methacrylate
RMA %v
AMPS
%wt
SF* SN* h0 hF**hN**
D2 91.5 8.5 - - 0.8 1± 0.060.72± 0.080.69± 0.061.2 2.3 2.3
DM1 91.1 4.4 4.5 (MMA)
- 0.92± 0.050.78± 0.120.76± 0.091.6 2.3 3.3
DM2 91.1 4.4 4.5 (MMA) 0.07 0.89± 0.020.67± 0.070.69± 0.071.42.63.4
DM3 91.0 4.5 4.5(MMA)
- 0.70±0.080.63±0.100.61±0.082.02.7 3.1
DM4 91 4.0 5.0 (MMA) 0.07 0.86± 0.030.70± 0.020.68± 0.022.2 3.2 3.8
DEl 91.7 3.6 4.7(EMA)
- 0.85±0.050.84±0.080.78±0.093.63.4 3.6
DB1 90.9 4.4 4.7 (BMA)
- 0.93± 0.010.92± 0.040.92± 0.012.4 2.72.7
DB7 89.0 4.4 6.6 (BMA)
- 0.92± 0.030.94± 0.040.88± 0.03 1.4 1.7 1.5
DB1O 89.1 4.4 6.5 (BMA) 0.100.94± 0.040.91± 0.040.84± 0.031.7 1.9 2.3
*5o, SF and5Nrepresent the average symmetry factors and corresponding standard deviations for thiourea, fluorene and
naphthalene, respectively; these values were calculated by averaging data (assessed using the Chemstation software) acquired
from running 6 to 20 chromatograms for each entrapment composition at 10 to 30 kV.
**h0, hF and hN represent the average reduced plate heights, calculated for 6 to 20 runs for thiourea, fluorene and naphthalene,
respectively.2.5
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Figure 4.1. The effect of entrapment composition on the retention factors(k).
The mobile phase employed was 80% acetonitrile, 20% TRIS 25 mM (pH=8.0), and
flow velocities varied from 0.4 to 1.2 mmls. Each histogram represents the average k
and standard deviation for 6 to 20 runs performed on columns entrapped with
corresponding matrices (for matrix composition see Table 4.1).
The next step in improving the entrapment composition was to produce
monomeric mixtures in which ethylene dimethacrylate was partially replaced by
methyl methacrylate (compositions DM1 to DM4 in Table 4.1) or ethyl methacrylate
(composition DEl in Table 4.1). As a result, column permeability was greatly
improved (Figure 4.2); the retention factors grew close to the values characteristic of a
non-entrapped column, and theseparationefficiencyincreased.However, an93
unexpected tailing of polyaromatic hydrocarbons (PAH) was observed. This problem
could not be solved by varying the volume of solvent relative to monomers, but rather
was alleviated by replacing the methyl- or ethyl-methacrylate monomers with butyl
methacrylate. The use of such monomers evidently increased the carbon content of the
separative media. This could partially account for the observed proximity of retention
factors determined for entrapped columns versus those for non-entrapped columns. In
fact, Svec [50-52] demonstrated that butyl methacrylate-based monolithic columns
have polarities approximating those for ODS sorbents. The alkyl-methacrylate
monomers, however, represent less than 6% of the entire entrapment solution. The fact
that k values for analytes on entrapped columns approach those specific to a
conventional octadecylated stationary phase (foridenticaleluent composition)
suggests a minimal contribution of the matrix to the separation process. Columns in
which the packed bed was immobilized using composition DB 1 produced micro LC
separations with reduced plate heights of 2.2 to 2.5. Except for the entrapment
composition, all other parameters unchanged, the shorter retention time of the flow
marker recorded in micro LC separations indicate an improvement in column
permeability. All micro LC runs were performed in theHP3D CE instrument by
applying 6 to 12 bar ofN2headpressure on the inlet vial, which resulted in
surprisingly stable and reproducible flow. In an effort to further improve performance,
the relative amounts of porogenic solvent and monomer were further varied.
Consequently, mixture DB7 provided a monolithic column that produced very
efficient separations over a rather broad range of flow velocities as illustrated in
Figure 4.3.94
Figure 4.2. SEM of organic entrapped columns. These images show a capillary
column(75jtm ID) packed with ODS Nucleosilparticles of5tm diameter, and
entrapped with composition DM2 (see Table 4.1). A small amount of organic polymer
deposited in the entrapment procedure is responsible for the immobilization of the
sorbent particles.1fl
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Figure 4.3. Variation of reduced plate height withEOFvelocity. PAHs were
separated by CEC using a colunm packed with 5.tm ODS Nucleosil particles
subsequently immobilized with matrix DB 7 (see Table 4.1 for detailed description of
DB7 entrapment matrix). Mobile phase: 80 % acetonitrile, 20 % TRIS 25 mM (pH
8.0).
The best run produced reduced plate heights of 1.1 for acetone and 1.2 to 1.8 for
retained test probes (Figure 4.4).
Aside from the separation of PAHs (used here as representative standards for
reversed phase column evaluation), the performance of these colunms was evaluated
using caffeine and several analgesics. Baseline separation of acetaminophen, caffeine
and acetone was achieved with 80% acetonitrile, 20% TRIS 25 mM pH 8.0 (Figure4.5). Acetaminophen, caffeine, aspirin, flurbiprofen, naproxen and ibuprofen were
separated after switching to an acidified mobile phase: 70 % acetonitrile, 30 % sodium
acetate 10 mM (pH 3.0). The peaks are sharp and have symmetry factors of 0.89± 0.05
(Figure 4.6).
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Figure 4.4. CEC separation on organic entrapped column. The capillary was
packed with 5i.m ODS Nucleosil particles subsequently entrapped with DB7 (see
Table 4.1 for detailed description of the immobilizing composition). Solutes and
corresponding reduced plate height: (a) thiourea (h=1 .0), (b) butylparaben (h=1 .1), (c)
fluorene (h= 1.2), (d) naphthalene (h= 1.3), (e) phenanthrene (h 1.4), (f) anthracene
(h=1.5) and (g) chrysene (h=1.7). Le'=16 cm, L0=26 cm. UV detection at 254 nm.
Mobile phase: 80% acetonitrile, 20% TRIS 25 mM (pH 8.0).mAU
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Figure 4.5. CEC separation of(l) acetaminophen, (2) caffeine and (3) acetone.
Column: 75 j.tm ID, 5 p.m ODS Nucleosil particles, and entrapped with composition
DB 10 (see Table 4.1 for detailed description of matrix composition). Mobile phase
80% acetonitrile, 20 % TRIS 25 mM (pH 8.0); UV detection at 254 nm; Leff=17cm;
L0=26 cm. Note that the electrophoretic mobilities of acetaminophen and caffeine are
such that they elute ahead of an EOF flow velocity marker, acetone.mAt
?.= 254 nm
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Figure4.6.NSAIDs, acetaminophen and caffeine separated by CEC. Column:
75 jim ID, 5 jim ODS Nucleosil immobilized with matrix DB 10 (see Table4.1for
detailed description of entrapment mixture). Mobile phase 70 % acetonitrile, 30 %
acetate 10 mM (pH 3.0); UV detection at254nm and220nm (upper trace and
respectively, lower trace); applied voltage20kV; Leç=l7 cm, L0 =26cm. The
sample contains (1) unknown impurity, (2) acetaminophen, (3) caffeine,(4)aspirin,
(5) naproxen, (6) flurbiprofen and (7) ibuprofen.
Another demonstration of the favorable characteristics exhibited by these
organic polymer entrapped columns is provided by the micro LC analysis of a Ung E
coli (uracil DNA glycosylase) tryptic digest mixture. A complete description of the
protocol used to obtain the digest and the instrumental setup employed to obtain thegradient separation is given elsewhere [83]. The chromatogram shown in Figure 4.7
was obtained at a flow rate of 0.4t1/min employing a gradient from 100% H20
(0.04% TFA) to 100% acetonitrile (0.04% TFA) in45minutes. In this particular micro
LC run (Figure 4.7) micropreparative fractions of the digest mixture were collected
and later identified using MALDI-TOF mass spectrometry [83].
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Figure 4.7. MicroLC separation of tryptic digest fragments of Ung. The
column was entrapped with mixture DM2. The setup (described in detail elsewhere
[83]) was used to separate, collect and identify (using a MALDI-TOF instrument) each
of the recorded fractions (notedT1toT20starting from the N terminal). Conditions:
eluent A (100%H20, 0.04%TFA), eluent B (100% acetonitrile, 0.04% TFA); gradient
from 0-100 % B in45mm; applied pressure 1000 psi, UV detection at 200 nm,
injected volume Iui(Courtesy of C. Doneanu and Dr. D. Barofsky).100
4.3.3. Amending the electroosmotic flow
A benefit of using organic polymers in the fabrication of chromatographic
media is the ease of incorporating monomers with various functionalities. In
particular, ionizable groups can be quantitatively added to the immobilization matrix
by introducing 2-acrylamido-2-methyl- 1 -propanesulfonic acid (AMPS). The thorough
study conducted by Svec [50-52] on monolithic columns reports on the complex effect
of AMPS on flow velocity and pore size of the polymeric material.
Table 4.1 contains two representative entrapment mixtures that include this
monomer: DM4 (0.07% wt AMPS with respect to monomerscontent), and DB 10
(0.10% wt AMPS with respect to monomers content). Two columns packed with ODS
Nucleosil particles were immobilized with each of these entrapment solutions. The
results were referenced to mixture DB7, and DM2, respectively, which contain
essentially the same amount of all constitutive materials, with the exception of AMPS.
To preserve the ratio of solvents to monomers in DB7 and DM2, AMPS was replaced
with the corresponding amounts of ethylene dimethacrylate. The expected increase in
electroosmotic flow velocity, which amounts to 10-15%, was observed for the methyl-
(DM 4) and butyl-methacrylate (DB 10) based matrices.101
4.4. Conclusion
Organic polymer entrappedcapillariesofferanattractivevarietyof
possibilities for fritless columns. The major advantages of this novel separation
medium include mechanical robustness, on-the-fly length customization,relative ease
of preparation (by simply flushing a packed capillary with monomericmixture, and
subsequent heat curing of the column), and minimal alteration of originalproperties of
the sorbent. These capillaries can be used without the need of columnpressurization,
since no gas bubble formation was observed. These salient featuresmake organic
polymer entrapped columns a viable option for micro LC, CEC orpressurized CEC.102
5.MoNoLiTHic COLUMNS WiTH TEMPLATEDPOROSITY
Reprinted from JournalofChromatography A, 2001, in press. Chirica, G.C., Remcho,
V.T. "Novel monolithic columns with templated porosity". Copyright2001,Elsevier
Science.
5.1. Introduction
In the search for fritless columns the concept of replacing the particulate
packing with a continuous rod has been investigated. The fact that synthetic polymers
can be produced in virtually any geometry allows forin situ preparation, which
simplifies column fabrication. Both silica[54-56] and organic [46-53] based
monolithic columns have been synthesized in situ by pumping a monomeric solution
into a capillary colunm blank. Thermal or UV polymerization will produce a solid
support that can be further derivatized or used as-is for chromatographic separations.
Organic based polymeric rods evolved from solvent-swollen hydrophilic
acrylates [47-49] to efficient methacrylate based polymers [50-52], and then to more
rigid polystyrene-divinyl benzene columns [53], which have found applications in
peptide and protein separations.
To control the porosity, i.e. pore size and pore size distribution, of the
monolithic polymers, solvents are employed as porogenic agents. It is common
knowledge that finding the appropriate porogen is the key to the synthesis of polymers
showing good performanceinchromatographicapplications.Theabilityto
independently vary the porosity and composition of the monolith is, however, quite103
limited. More often a minor alteration in composition of the monomer solution (while
all other parameters are left unchanged) has a significant effect on the porosity of the
resulting structure. An extensive study performed by Svec et al. on methacrylate-based
matrices [50-52] demonstrates the complex interplay between the nature and the
amount of monomers and the concomitant porosity. While ingenious solutions were
employed to solve the problem, it is clear that each variation in the composition of
monomers requires a new search for optimal conditions. Thisissue became critical in
the synthesis of monolithic polymers when molecular recognition is to be a design
feature, where the solvent must dictate porosity and yet not interfere with the
imprinting process [43, 71, 84]. Since solvents adequate to this task were hard to find,
in order to obtain permeable monoliths the polymerization reaction was timed to
achieve incomplete polymerization. This method drastically limits the reproducibility
of monolith synthesis.
This preliminary study reports the preparation of novel continuous bed
columns with porosity dictated by spherical particles. The synthesis of a negative
replica of tightly packed bed of silica beads has been demonstrated before [85-86].
The novelty of the present study lies in preparation of the polymer within the confines
of a fused silica capillary. Although a more involved manufacturing procedure,
relative to presently employed in situ monolithic synthesis, this approach eliminates
one of the variables involved in the design of polymercomposition: the need for a
porogenic solvent. In addition, altering the surface characteristics of the templating
beads can influence the composition of the finished monolith surface.104
5.2. Experimental
5.2.1. Chemicals and materials
Butyl-methacrylate (BMA), ethylene-dimethacrylate (EDMA), trimethylol-
propane trimethacrylate (TRIM), 3-(trimethoxysilyl)propylmethacrylate (TMSPM),
2,2-diphenyl- 1 -picryihydrazyl hydrate(DPPH), 2-acrylamido-2-methyl- 1-
propanesulfonicacid(AMPS),2,2'-azobisisobutyronitrile(AIBN)and
polyethyleneglycol (PEG) M ca. 10,000 were purchased from Aldrich Chemical Co.
(Milwaukee, WI, USA) and used as received. Styrene (S) and divinyl benzene (DVB)
obtained from Sigma Chemical Co. (St. Louis, MO, USA) were washed with 10%
(w/v) aqueous sodium hydroxide to remove the inhibitors.
The proteins aprotinin (bovine lung), insulin (porcine pancreas), ribonuclease
A (bovine pancreas), lysozyme (chicken egg white), cytochrome c (horse heart),
myoglobin (horse skeletal muscle), and the peptides FGFG, FLEEI, angiotensin I
(DRVYIHPF) and angiotensin II (DRVYIHPFHL) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA).
The solvents employed in the CEC and microLC runs were HPLC grade and
were purchased from Fisher Scientific (Pittsburgh, PA, USA) orMallinckrodt (St.
Louis, MO, USA).
Fused silica tubing of 100 tm, 180 p.m and 250 p.m ID with 375 p.m OD was
purchased from Polymicro Technologies (Phoenix, AZ, USA). Capillaries cut to a
total length of 25 cm were filled with packing material as described herein. The105
sorbent materials used were as follows: unmodified silica of 10 p.m diameter, 1000A
and 4000Apore size from MetaChem Technologies (Torrance, CA, USA); Nucleosil
silica of 3 p.m diameter, 100Apore size and 7 p.m diameter, 300Apore size from
Macherey-Nagel (DUren, Germany); unmodified silica 5 p.m diameter, 250Apore size
from Bio Rad (Hercules, CA, USA); wide pore silica 55x (unspecified particle
diameter and mean pore size) from Phase Separations Ltd. (Deeside, UK).
Temporary fits were prepared by tapping one end of the capillary in a paste
prepared from the Nucleosil silica particles of 10 p.m diameters, 1000Apore size and
potassium silicate solution (Kasil no.1) purchased from PQ Corp. (Valley Forge, PA,
USA).
5.2.2. Instrumentation
An Isco 100 DX (Isco Inc., Lincoln, NE, USA) syringe pump coupled to an
inline filter and a cartridge guard column holder (Upchurch Scientific, Oak Harbor,
WA, USA) were employed in column manufacturing. The fits were sintered in place
using a Fujikura FSM 05S arc fusion splicer (Alcoa Fujikura, Duncan, SC, USA). The
columns were filled with the mixture of monomers using a typical solvent rinsing kit.
Using a small piece of Teflon tubing the monolithic column was joined to a fused
silica open tube onto which a detection window was burned. For better coupling, an
Agilent Technologies (Waldbronn, Germany) capillary column cutter with rotating
diamond blade was used to obtain clean, straight cuts of fused silica tubing.106
Examination of capillary columns during packing and monolith preparation
was achieved with a simple Stereomaster optical microscope (Fisher Scientific,
Houston, TX, USA) with 40x magnification. Scanning electron micrograph (SEM)
images of the gold sputter-coated porous monoliths were taken with an AmRay
instrument (Bedford, MA, USA) operated at 10 kV.
All CEC rims were performed on anAgi1ent/HP31CE (Waldbronn, Germany)
instrument, modified such that pressures of up to 12 bar can be applied on the inlet
and/or outlet vials. This feature was used only for column conditioning, since gas
bubbles were not generated during operation of these monolithic columns. The
cassette temperature was held at 20° C. Electrokinetic injection (5 kV for 3s) was used
for sampling theanalytes. Data acquisition and processing were done using
ChemStation software (Agilent, Waldbronn, Germany).
A home-built instrument was used to conduct the micro HPLC runs. This
instrument comprised an Agilent 1100 series binary high-pressure gradient pump
(Waldbronn, Germany) used with a 1: 100 splitter, a Valco micro injection valve of 60
ni loop volume (Valco Instrument Co., Houston, TX, USA), and a Unicam 4225 UV
detector (Thenno Separation Products, San Jose, CA, USA). The detector signal was
recorded on Apple Power Macintosh 6100/66 (Apple Computer, Cupertino, CA, USA)
usingaPowerChromSystem2.0(ADinstruments,Milford,MA, USA)
chromatography data system.5.3. Preparation of monolithic columns
5.3.1. Silanization of the fused silica walls
For columns in which the monolith was anchored to the fused silica capillary
wall, functionalization of the walls was required. A 3 m length of fused silica tubing
was washed and filled with a solution of sodium hydroxide (1 M) using a solvent
rinsing kit. The tubing was then sealed at both ends with rubber septa and heated in an
oven at 1000 C for 1 h. Subsequent flushing with deionized water, diluted hydrochloric
acid, deionized water and acetone, each for about 10 mm, was followed by a drying
step in which the column was purged with nitrogen at 1000 C for 20 mm. The
derivatization reaction employs 3-(trimethoxysilyl) propyl methacrylate (TMSPM), a
bifunctional coupling agent, which reacts with the silanol groups on the silica surface
through the trimethoxysilyl moiety; the other functionality, the methacrylate group, is
the anchor for the monolith to be synthesized in a radical polymerization reaction. The
attachment of TMSPM to the silica surface takes place at elevated temperatures. In
order to minimize the premature occurrence of the methacrylate polymerization
reaction, favored at high temperatures, the inhibitor 2,2-diphenyl-1-picrylhydrazyl
hydrate (DPPH) was added following a procedure described by Gusev et. al. [53]. A
solution of TMSPM in dimethylformamide (DMF) 50% (v/v) with 0.01 % (wlv)
DPPH was then prepared separately and purged with nitrogen for 10 mm. The
capillary was flushed and filled with this mixture, sealed at both ends using rubber
septa and heated in an oven at 1000 C for 4 h. The tubing was subsequently flushed
with acetone and purged with nitrogen for about 30 mm.108
5.3.2. Packing the columns
Capillaries of 100 tm, 180 .tm and 250 p.m ID were packed using the slurry
packing method. A detailed description of the packing procedure is given elsewhere
[61, 64]. The only modification from the earlier method is the replacement of the
packing solvent with the pore filling mixtures described in Table 5.1.
5.3.3. Synthesisofthe organic-based polymer
The packed columns were flushed with nitrogen at about 200 psi for 15-30
mmto remove liquid from the interstitial space (between particles of packing
material). The columns were inspected under the optical microscope and nitrogen
flushing was stopped when the bed appeared to be dry. Each monomer solution was
then purged with nitrogen for 10 mm. Using the solvent rinsing kit in a setup
described elsewhere [42] at an applied gas pressure of 50 psi, the columns were filled
with the solution of monomers in about 5 mm. The columns were sealed with rubber
septa and placed in a water bath at 70° C for 24 h. The various compositions of cross-
linkers, monomers and solvents tested in this study are summarized in Table 5.1.Table 5.1. Factors affecting the column preparation. The most important parameters: the choice and amount of
monomers and cross linking agents, diameter and surface characteristics of the templating beads, and the nature of the pore-
filling liquid are listed below.
Column Anchored
to capillary walls
Packing material Pore filling
liquid
AMPS
[mg/mi
Polymer
composition
Solvent
[% vol.]
Cross-linker
(CL)
Monomer
(M)
Vol. ratio
(CL: M)
1 no Si 10 jim, 1000A - EB1 - EDMA BMA 50/50
2 no Si 10 jim, 1000A - EB2 10 EDMA BMA 50/50
3 no Si 10 pm, 4000A10% PEGaq - EB3 40 EDMA BMA 50/50
4 no Si 5 pm, 250A 10% PEGaq - EB4 20 EDMA BMA 50/50
5 no Wide pore Si, 55x 5% PEGaq 2 EB5 20 EDMABMA 40/60
6 no Wide pore Si, 55x10% PEGaq 2 EB5 20 EDMA BMA 40/60
7 no Wide pore Si, 55x10% PEGaq 2 TB6 10 TRIM BMA 50/50
8 no Wide pore Si, 55x10% PEGaq 2 VB7 10 DVB BMA 50/50
9 no C18 7 jim, 300A 10% PEGaq 2 VB7 10 DVB BMA 50/50
10 yes Si 5 jim, 250A 10% PEGaq 2 VS8 - DVB S 50/50
11 no Wide pore Si, 55x10% PEGaq 2 VB9 - DVB BMA 50/50
12 yes Si 3jtm, 100A20% Glycerol VSIO 10 DVB 5 50/50110
5.3.4. Removal of silica particles
After polymerization, the columns wereflushed with a solution of sodium
hydroxide to dissolve the silica beads. The processwould take 24 - 48 h and the
applied pressures varied from column tocolunm (4002000 psi) as a function of the
intrinsic porosity of the silica beads.
5.3.5. Characterizationofmonolithic columns
After the removal of silica particles, the chromatographicperformance of the
monolithic capillary columns was tested in the CEC or microLC format. Later, the
monoliths that were not anchored to the capillary walls wereleft at room temperature
for a week, then extruded from the capillary and cut into smallpieces with an exacto
knife. The polymer was sputter-coated with gold and examinedwith a scanning
electron microscope. The SEM images presented in Figure 5.1demonstrate that the
procedure for synthesis described herein renders a highly permeablemonolith with a
uniform porosity.I
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Figure 5.1. SEM images of monoliths with templated porosity. The polymers
were obtained from columns 10 and 11 (seeTable 5.1 for detailed description of
polymer composition). A) Radial image of an extruded rod of monolith 11 depicts the
structure of the polymer in contact with fused silica wall. B) Axial image ofmonolith
11 indicates that the core of the polymer has a permeable structure.EJ
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Figure 5.1, continued. C) A closer look at monolith 10 indicates that the polymer is
a fairly accurate negative image of a packed bed.
5.4. Results and Discussion
The goal of this study was to synthesize monoliths with porosity dictated by
the size of spherical silica particles. This involved building a bed of beads followed by
filling the space in between the particles with a solution of monomers. Radical
polymerization was thermally initiated, and subsequent dissolution of the silica
particles produced a rod of polymer with a uniform porosity dictated by the diameter
of the silica beads. As mentioned before, this general type of polymer was prepared
previously [85-861. The method described by Mallouk et. el. involved sintering the
silica beads at high temperature and the use of gaseous HF to dissolve the beads [86].113
However, developing a similar monolith within the confines of silica walls does not
allow bead sintering and the use of gaseous HF. Additional complexity is introduced
by the need for a fairly long monolith that would afford chromatographic use. Our
approach employs the use of a bed packed within a capillary column to obtain a fairly
uniform bead-based structure and a relatively long monolithic rod.
In the first attempt to synthesize a monolith, colunm 1 was packed with silica
beads of 10 p.m diameter and 1000Apore size, then filled with polymer composition
EB1 (see Table 5.1 for detailed description). Upon polymerization an impervious
block of polymer was obtained. Pieces of monolith were extruded from the capillary
for observation and treated with HF (48%) solution for more than 24 h. Even after this
rigorous treatment, the monolith remained nonporous. A second column was prepared
in a similar fashion and this time a solvent (10% vol solvent) was incorporated in the
polymerization mixture to aid the access of HF solution to the silica beads. Again, the
treatment did not dissolve the silica beads.
It became obvious that the silica would be dissolved only by a solution that
could flow through the polymer. Adding more solvent to the mixture would decrease
to an even greater extent the amount of stationary phase in themonolith; with no
solvent in the monolithic mixture complete dissolution of silica would provide 60%
porosity. A stationary phase having even greater porosity, hence much lower surface
area, would be non-ideal for chromatographic use.The only option was to fill the
pores of the silica beads with a liquid having ahigh surface tension, such as water, in
order to keep the pores accessible for later flushing. To minimize the number of steps
required in the preparation of the monolith, the pores were filled during column114
packing by employing the "pore-filling liquid" as a slurry solvent. Subsequent purging
of the packed bed with nitrogen at low pressure for a short period of time removed the
pore- filling liquid from the interstitial space. This stepafforded control over the
purging process through visual examination of the column using the optical
microscope; the advance of nitrogen (or the monomeric mixture in the next step) was
easily observed. After filling the colunm with the monomer solution and thermal
polymerization, the silica beads were removed by passing a solution of sodium
hydroxide through the column for about 30 h. A schematic representation of this
procedure is provided in Figure 5.2. As the study progressed, the main parameters that
affected the permeability of the monolith and the characteristics of the stationary
phase were identified. These are listed in Table 5.1, and their successive observation
and optimization are described in the following paragraphs.
One parameter essential to this procedure was the composition of the pore-
filling liquid.Such a liquid should possess a high surface tension to ensure that it
remains in the pores during steps 2 (nitrogen flush) and 3 (filling with monomer
solution). Water was also tested as a pore-filling liquid; some of the columns prepared
using water were not permeable for the NaOH flushing step. The pore-filling liquid
employed in the preparation of the columns described herein consisted of a solution of
PEG or glycerol in water in the percentages indicated in Table 5.1. The increase in
viscosity of the pore-filling liquid on addition of PEG or glycerol might be responsible
for the improvement in permeability realized during the silica bead dissolution step.115
Step 1. Columns are packed using the slurry packing metho
employing a "pore-filling liquid" as slurry solvent (a liqui
with high surface tension which fills the pores of the silic
packing).
Step 2. Upon application of a low pressure of nitrogen a
one end of the column, the pore-filling liquid is remove
from the interstitial space.
Step 3. The interstitial space is filled with a mixture of
monomers; thermal polymerization renders a rigid bed.
Step 4. The presence of the pore-filling liquid facilitates the
flow of a NaOH solution through the column; silica beads
are slowly dissolved...
rendering a porous organic polymer monolith, the negative
image of the original packed bed.
Figure 5.2. Representation of the synthesis of templated monoliths.116
Colunm 3 was prepared using the procedure described in Figure 5.2, and a
permeable bed was readily obtained. To ease the access of NaOH to the silicabeads,
the monomer solution contained a solvent in addition to monomers,crosslinker, and
initiator. At this stage the nature of the solvent was not critical to the structure ofthe
monolith; in fact, as the study progressed the solvent was gradually eliminatedfrom
the monomer solution, and found to be an unnecessary component of themixture.
However, the high porosity dictated partly by the large diametersilica beads and
partly by the solvent present in the monomer solution resulted in a low surface area.
As the monolith was tested in the micro HPLC setup, hydrophobicanalytes were not
retained even in a relatively weak mobile phase consisting of 20% acetonitrile 80%
sodium acetate (5 mM, pH 3.0).
To increase the surface area, the amount of solvent added to the monomeric
mixture was minimized and the particle size of the silica beads was decreased. A
further increase in the amount of hydrophobic monomer versus crosslinker, in the case
of columns 5 and 6, did not provide the expected improvement in retention.
One of theadvantagesinherenttopolymericsorbentsisthefacile
incorporation of various functionalities by simple addition of monomers that contain
them. For example, the synthesis of stationary phases for CEC might include a
monomer with an ionizable moiety to supportelectroosmotic flow. A reagent
commonly employed in the preparation of these sorbents is AMPS. Due to its polar
sulfonic group this compound has limited solubility in the hydrophobic mixture of
monomers; this limits the range of porogenicsolvents currently employed in the117
synthesis of monoliths and impacts the ability of the researcher to control the porosity
of the monolith. One advantage introduced by our approach is the ability to include
AMPS in the matrix even if no solvent is added to the monomeric mixture. Thisis
achieved by dissolving a certain amount of AMPS in the pore-filling liquid; the
ionizable monomer then becomes availablefor copolymerization and can be
incorporated at the surface of the polymer. Electroosmotic flows of 2.5 cm/mm were
achieved at 1000 V/cm field strength using this approach.
All of the columns prepared as of this point in the study were built of a
methacrylate matrix with EDMA as crosslinker. In some instances, upon application
of pressure it was observed that the bed was compressed. This was especially true for
columns in which more monomer (BMA) was added to increase the active surface
area. This prompted us to experiment with othercrosslinkers, such as TRIM and DVB,
known to provide a more rigid bed. A significant improvement was noticedwith the
use of DVB as crosslinker of columns 8through 12. The columns were prepared more
rapidly, and lower pressures were employed in the silica dissolution step. This allowed
for the synthesis of monoliths with a uniform structure both radially and axially
(Figure 5.1).
Extensive studies of the monoliths suggest that altering the nature and amount
of crosslinkers, monomers and porogenic solvent are the primary tools affording
control over the structure and properties of the finished monoliths. The synthetic
approach described here also offers the possibility of tailoring the nature of the surface
area of the resulting monolith by selecting silicabeads with specific surface chemistry.
For example, column 9 employed Cl 8 modified particles for pore templating in arrAU
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Figure 5.3. CEC separation on templated monolith. Thiourea, fluorene,
naphthalene, phenanthrene and chrysene (in order of elution) were separated on
column 9 (see Table 5.1 for detailed description of monolith composition). Colunm:
250 p.m ID, effective length 15 cm. UV detection at 254 nm. Mobile phase 60%
acetonitrile, 40% sodium acetate buffer (25 mM, pH 3).
matrix of BMA and DVB. Figure 5.3 illustrates the separation of thiourea, fluorene,
naphthalene, phenanthrene and chrysene achieved on this column. On the other hand,
column 8 (prepared following a similar procedure, with the exception of the nature of
the templating particles which were not Cl8modified), demonstrated virtually no
selectivity towards these PAHs. Column 9 was washed with NaOH solution for more
than 48 h; inspection of pieces of monolith by SEM indicated virtually complete
dissolution of the templating particles. This suggests a significant increase in the119
hydrophobicity of the surface of the monolith itself, and further suggests that prior to
the onset of polymerization the monomers oriented their hydrophobic moieties
towards the surface of the C 18 modified particles. This arrangement is made
permanent by the thermal polymerization of the mixture.
In the preparation of columns 10 and 12 the solution of monomers was based
on divinyl-benzene and styrene. This type of polymer is morerigid and less prone to
swelling in organic solvents than the methacrylate-based polymer. Since swelling does
not occur, when sufficient pressure is applied to a monolithic column this type of
polymer slowly advances in the capillary. To prevent this movement, the capillary
surface was modified (following a procedure described previously) to afford
attachment of the monolith to the walls. Additionally, the silanization reaction renders
a hydrophobic surface that eliminates the possibility ofsecondary interactions between
the analytes and the silanol groups on the fused silica.
In the case of column 10, no solvent was added to the mixture and the resulting
monolith was a polymeric rod having a mean pore diameter equal to or larger than 5
pm. Figure 5.1 presents a close-up SEM image of thismonolith. A separation of small
proteins was achieved by operating the column in gradient CEC mode (Figure 5.4).
The AgiIentIHP3DCE instrument was programmed to switch after predetermined
periods of time from one set of vials with a weak mobile phase to different vials
containing stronger mobile phases.mAU
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Figure 5.4. CEC separation of proteins on templated monolith. Lysozyme and
myoglobin were separated on column 10 (see Table 5.1 for monolith composition) by
applying 8kV by CEC employing a step gradient.Agilent/IW3DCE instrumentwas
programmed to use consecutively, for 2 mm each, vials containing 80% B, 70% B and
60% B, respectively. Solvent A was potassium phosphate buffer (50 mM, pH 2.5) and
solvent B was acetonitrile. Column: 250 p.m ID, effective length 15 cm. UV detection
at 220 nm.
Horvath's group has previously demonstrated the feasibility of the styrene-
DVB type of monolith for the separation of biomolecules [53]. Essentially the same
composition of polymer (50% styrene and 50% DVB) was employed in the
preparation of column 12. A mixture of 5 peptides was separated with thehome-built
microLC instrument by employing a shallow gradient (Figure 5.5). Thecorresponding
amino acid sequences of the peptides contained in this mixture are presented inTable
5.2.D
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Figure 5.5. Peptide separation by micro-LC. Column 12 (see Table 5.1 for
detailed monolith composition) separated a mixture containing the peptides listed in
Table 5.2. A shallow gradient of 10 to 30% solvent B over 15 mm was employed.
Solvent A was water with 0.1 % TFA and solvent B was acetonitrile with 0.1% TFA.
Column: 250 p.m ID, effective length 15 cm. UV detection at 210 nm.
Table 5.2. Amino acid sequence of the peptides separated in Figure 5.5 (in
order of elution).
Peptide Amino acid sequence (one letter code)
PheGlyPheGly FGFG
PheLeuGluGlulle FLEEI
CTIP2 EATILEEDEGLEIEEPSSLG
Angiotensin I DRVYIFIPF
Angiotensin II DRVYIHPFHLE
E
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Figure 5.6. Micro-LC separation of proteins. Insulin (1),aprotinin (2),
ribonuclease A (3), lysozyme (4), cytochrome c (5) and myoglobin (6) were separated
on column 12 (see Table 5.1 for detaileddescription of monolith composition) by
employing a gradient of 20 to 80% B over 20 mm. Solvent A was water with 0.1 %
TFA and solvent B was acetonitrile with 0.1% TFA. Column: 250 .tm ID, effective
length 15 cm. UV detection at 210 nm.123
The pores of the monolith that is column 12 were templated by silica particles
with a mean diameter of 3 tim. The resulting surface area of the bead templated
monolith was much smaller than that of a similar monolith prepared employing a
porogenic solvent. This decrease in surface area might explain the lack of selectivity
necessary for the separation of the two angiotensins, whichdiffer by only two amino
acids.By employing porousparticleswithasmallerdiameter,significant
improvement in the chromatographic properties of the bead templated monoliths is
expected. Regrettably, such particles were not (commercially) available during the
time of this study. Using the home-built micro LC setup the monolith demonstrated an
ability to separate a mixture of six proteins when a steeper gradient was employed
(Figure 5.6).
Further work will be directed towards synthesis of monoliths employing
templating particles having smaller diameters. The feasibility of other types of
stationary phases, such as ionic exchange materials, will be tested. Further efforts will
focus on achieving improved column-to-column reproducibility.
5.5. Conclusion
We report a new procedure for the synthesis of stationary phase monoliths
within the confines of fused silica capillary tubes. To this point in time, adjustments in
the amount and nature of porogenic solvents and incomplete polymerization were the
only available tools for modifying the porosity of polymeric monolithic sorbents.124
Aside from affecting porosity, such adjustments alter other properties such as the
surface area, nature and swelling properties of the resulting monolith. Our approach
minimizes such side effects by employing a solid, fixed template, i.e. silica beads, to
template the porosity and, to a certain extent, control the surface characteristics of the
resulting material. The feasibility of employing these monoliths in chromatographic
applications has been demonstrated.125
6. CoNcLusioNs
The goal of this research effort was to explore new designs of capillary
columns for CEC and micro LC that do not require frits. As described in detail,
conventional packed capillaries have historically been the microcolumns of choice for
both micro LC and CEC. These offer a broad range of selectivity and high sample
capacity, while providing high efficiency and high resolution. Their major problem
results from the presence of frits. This research aimed to find means to alleviate this
problem.
One goal was to find a way to fix the particles within the confines of fused
silica tubing while ensuring minimal alteration of chromatographic performance of the
entrapped column versus the conventional packed capillary. This effort focused on the
column preparation procedure and on the composition of the entrapment matrix. To
ensure a homogeneous, tightly packed chromatographic bed, the column wasprepared
following the commonly used slurry packing procedure. Although this approach is
more involved than the particle loading method proposed in a differentimmobilization
procedure[65],it results in significantly improved chromatographic performance and
minimizes the difference between the entrapped versus non-entrapped, conventional
packed columns. As similar chemistry was employed in the preparation of the
entrapment matrix in both cases[64-65],the substantial improvement in efficiency,
peak shape and retention recorded for the entrapped columns described here justifies
the inclusion of the additional step in column preparation.126
The composition of the entrapment matrix was the second major parameter that
was given careful consideration. Initially, the entrapped columns wereviewed as
comprising a diluted fit extended throughout the entire length of the column. Since
conventional fits are typically prepared from a slurry of porous packing material and
water-glass, it seemed natural to start by using diluted water-glass as an entrapment
matrix. When the optimum water-glass composition for packed bed immobilization
was achieved, the structure and chromatographic behaviorof the columns were tested.
Throughout this study, scanning electron micrograph images provided a closer
look at the structure of the packed bed. These images allowed for estimation of the
amount of matrix present in the interstitial space, the macro-porosity of the matrix and
the extent to which the matrix covered the sorbent particles. This invaluable
information was used to further refine the composition of the monomeric mixture that
upon polymerization rendered the entrapmentmedium.
Chromatographic figures of merit such as retention factor, peak symmetry,
efficiency and resolution, were used to fine-tune the composition of the matrix. They
also provided the quantitative data that enabled a direct comparison between entrapped
and conventional packed columns.
The most challenging issue in designing the optimum entrapment matrix was
to prepare it such that it made minimal contribution to the separation processwhile
performing necessary tasks such as particle immobilization and support for EOF. The
first entrapment matrix, the water glass-based composition, provided a large number
of residual silanol groups, a result of both entrapment procedure (the alkaline flushing
step) and entrapment composition (the exposed silica surface of the matrix). While127
these silanol moieties contributed to a significant enhancement of EOF velocity and
provided support for EOF in the CEC separations performed on MIP-entrapped
columns, residual silanol groups are usually undesirable in chromatographic media
due to their non-specific interactions with basic solutes. The next step was to improve
on the entrapment procedure (eliminate thealkaline flushing step) by employing
different precursors for the silica matrix.
Sol gel chemistry allowed for the exploration not only of various mixtures of
pore defining solvents, but most importantlyprovided a relatively wide variety of
monomers. Fine-tuning of the entrapmentcomposition was now possible and
immobilized columns that behaved essentially as conventional packed columns were
obtained.
The chemical inertness of the entrapment matrix was put to test when
biomolecules such as proteins and peptides were analyzed. The presence of even a
very small number of acidic silanol groups, asin the alkyltriethoxysilane matrices, has
deleterious effects on the chromatographic behavior of the column. For this reason, the
replacement of the silica-based matrices with organic polymers was contemplated.
Once again the opportunity existed to adjust a large number of variables such
as the nature and amount of monomers,crosslinker, porogenic solvents and
polymerization conditions (temperature, duration, etc.). The result of a large number
of experiments was the synthesis of organic entrapped columns that delivered high
efficiencies in both micro LC and CEC, and inert matrices that allowed separations of
complex mixture of drugs, peptides and proteins.128
In recent years, fritless columns made by entrapping conventional sorbents or
by in situ preparation of porous monoliths have increased in popularityin both micro
LC and CEC. These fritless columns offer chemical stability, mechanicalruggedness,
enhanced chromatographic performance and on-the-fly length customization.
The research effort presented in Chapter 5 describes a new synthetic method
for preparation of monolithic columns. Prior to this effort, the porosityof the
polymeric stationary phase in monolithic columns was dictated by the natureand
amount of the porogenic solvents employed. The pore templatingapproach pioneered
in this study makes use of a different porogenic agent, namely silica beads,which are
used as a sacrificial material. This concept has been applied in the past forpreparation
of sorbent materials. The novelty of the present study lies in the preparation ofthe
polymer within the confines of a fused silica capillary. This synthetic procedure, in
addition to tailoring the pore size,offers the ability to influence the surface
characteristicsofthefinishedpolymerbyemployingsilicabeadswith
determined/specified surface chemistry. The new chromatographic medium was
employed in both micro LC and CEC separations of various analytes including
mixtures of peptides and proteins.
It is my hope that this work, together with other research efforts in the field of
fritless column synthesis, will contribute to the advancement of microscale LC and
CEC as versatile analytical techniques.129
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